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SCOPE  OF  TfflS  REPORT 


This  report  covers  the  work  performed  during  the  three-year  duration  of  Air  Force 
Contract  No.  F30602-91-C-0141 .  The  termination  date  of  the  project  is  September 
30,  1994.  The  report  is  organized  as  follows:  The  project  objectives  are  presented.  The 
work  performed  during  the  project  is  briefly  summarized.  Part  1  gives  introduction, 
definitions,  and  background.  Within  Part  1,  Chapter  1  presents  an  introduction  to  analog 
optical  links,  to  previous  work  in  the  field,  and  to  advanced  techniques.  Chapter  2 
defines  the  fundamental  performance  measures  by  which  analog  links  are  evaluated  and 
gives  backgroimd  on  the  conventional  direct  detection  analog  link. 

Part  2  describes  our  work  on  amplitude  modulated  coherent  and  optically 
amplified  links.  Chapter  3  describes  our  theoretical  analysis  of  homodyne  and 
heterodyne  coherent  WIRNA  (Wideband  -  Rectifier  -  NArrowband)  links.  Chapter  4 
describes  and  compares  our  experimental  implementations  of  a  directly  and  externally 
modulated  heterodyne  WIRNA  and  direct  detection  links.  Chapter  5  describes  our  work 
on  optically  amplified  direct  detection  and  coherent  links.  Chapter  6  describes  our 
improvement  of  link  performance  using  higher  power,  lower  RIN  lasers  and  linearized 
modulators.  Chapter  7  summarizes  our  work  on  AM  links  and  gives  recommendations 
for  directly  related  future  work. 

Part  3  describes  our  work  on  angle  modulated  links.  Chapter  8  describes  our 
theoretical  analysis  of  the  performance  and  linewidth  sensitivity  of  coherent  phase 
modulated  and  frequency  modulated  links.  Chapter  9  describes  our  investigation  of 
conventional  reference  transport  links,  which  are  not  adequate  for  wide-deviation  analog 
applications,  and  our  development  of  a  new  class  of  linewidth-insensitive  angle  modulated 
analog  links:  interferometric  links.  We  present  both  theoretical  analysis  and  the  results  of 
our  proof-of-concept  experimental  interferometric  link.  Chapter  10  presents  our 
theoretical  analysis  of  the  perfonnance  of  optically  amplified  interferometric  links. 
Chapter  1 1  presentes  our  analysis  of  the  improvement  of  angle  modulated  link 
performance  using  discriminator  linearization.  Chapter  12  presents  theoretical  linewidth 
and  relative  intensity  noise  limitations  on  coherent  angle  modulated  and  interferometric 
subcarrier  multiplexed  links  for  a  variety  of  applications.  Chapter  13  summarizes  our 
work  on  angle  modulated  links  and  gives  recommendations  for  directly  related  future 
work. 

Part  4  provides  conclusions  to  the  project.  Chapter  14  compares  the  performance 
of  AM  and  angle  modulated  links  for  a  variety  of  applications.  Chapter  15  gives 
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recommendations  for  potential  future  work  on  analog  links  which  is  of  great  interest. 
Chapter  16  lists  publications  stemming  from  this  project.  Chapter  17  lists  contributors. 

Part  5  provides  appendices.  Appendix  A  discusses  system  noises  and  their 
properties.  Appendix  B  provides  derivations  of  amplitude  modulated  link  equations. 
Appendix  C  provides  derivations  of  angle  modulated  link  equations. 
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PROJECT  OBJECTIVES 


The  objective  of  this  project  is  to  unite  the  potential  of  coherent  analog  optical 

techniques  with  the  practical  advantages  of  semiconductor  lasers.  At  the  commencement 

of  this  project,  we  anticipated  that  we  would  produce: 

•  A  general  theory  predicting  the  performance  of  coherent  optical  analog  links 
utilizing  wide  linewidth  semiconductor  lasers.  This  theory  will  apply  to  systems 
utilizing  a  wide  variety  of  modulation  formats  and  demodulation  techniques. 

•  Models  of  critical  components  appropriate  for  our  analysis,  including 
semiconductor  lasers,  optical  amplitude  and  phase  modulators,  optical  amplifiers, 
and  microwave  rectifiers  and  delay-line  discriminators. 

•  Linewidth-insensitive  system  designs. 

•  Demonstrations  of  linewidth-insensitive  links. 

•  Characterization  and  evaluation  of  experimental  linewidth-insensitive  links. 

•  Suggestions  of  directions  for  future  work  leading  to  more  robust,  higher 
performance  fielded  systems. 


13 


EXECUTIVE  SUMMARY 


During  this  project,  we  have  analyzed  the  performance  of  four  classes  of  links  as 
quantified  by  spurious-free  dynamic  range  (SFDR),  RP  power  transfer  ratio,  and  noise 
figure,  and  compared  them  to  conventional  direct  detection  links.  These  four  classes  are 
coherent  links,  optically  amplified  links,  angle  modulated  links,  and  combinations  of  the 
above.  To  show  the  validity  of  our  analyses,  we  have  also  constructed  links  which  fall 
into  the  above  four  classes.  We  have  measured  the  performance  of  these  experimental 
implementations  as  quantified  by  the  above  performance  measures.  We  have  met  the 
project  objectives  in  our  investigation  of  coherent  and  angle  modulated  links  and  have 
exceeded  them  in  our  investigation  of  optically  amplified  links. 

During  our  investigation  of  linewidth-insensitive  amplitude-modulated  links,  we 
have  studied  theoretically  four  types  of  these  links; 

•  homodyne  AM-WIRNA  links: 

(a)  2-port  homodyne  link; 

(b)  K-port  homodyne  link;  and 

(c)  2K-port  homodyne  link,  with  K>1; 

•  heterodyne  AM-WIRNA  links; 

•  optically  amplified  direct  detection  links; 

•  optically  amplified  heterodyne  AM-WIRNA  links. 

We  show  that  the  2-port  homodyne  link  suffers  from  degradation  caused  by 
baseband  processing,  while  the  2K-port  link  obtains  the  best  performance,  although  the 
structure  is  complicated  in  practice.  The  2K-port  link  is  the  only  homodyne  link  which 
has  an  FLDR  which  is  not  inherently  limited  by  receiver  noise  cross  terms  at  high 
received  optical  powers.  The  2K-port  homodyne  system  has  very  similar  perfonnance  to 
the  heterodyne  system.,  except  that  in  the  heterodyne  system  the  bandwidth  of  the  IF 
filter  should  be  twice  as  much  as  that  in  the  homodyne  system.  In  both  cases,  the 
bandwidth  of  the  IF  filter  must  be  sufficiently  large  to  avoid  the  conversion  of  the  phase 
noise  characteristic  of  semiconductor  lasers  to  amplitude  noise  during  receiver  processing. 

We  have  successfully  built  and  tested  the  following  links  operating  at  2  GHz: 

•  a  conventional  direct  detection  link; 

•  a  heterodyne  AM-WIRNA  link; 

•  a  direct  detection  link  with  a  semiconductor  amplifier; 
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•  a  direct  detection  link  with  an  erbium-doped  fiber  amplifier; 

•  a  heterodyne  AM-WIRNA  link  with  a  semiconductor  amplifier; 

•  a  heterodyne  AM-WIRNA  link  with  an  erbium-doped  fiber  amplifier; 

We  have  demonstrated  linewidth-insensitive  operation  in  all  cases  using  both 
semiconductor  lasers  and  solid-state  Nd:YAG  lasers.  Using  semiconductor  lasers,  we 
have  demonstrated  that  coherent  links  significantly  outperform  direct  detection  links  for 
received  optical  powers  below  100  |iW.  Using  optical  amplifiers,  we  have  demonstrated 
that  for  medium  loss  (link  loss  between  10  to  25  dB),  direct  detection  links  perform  better 
than  coherent  links  because  of  the  stronger  impact  of  RIN  on  the  coherent  AM  link. 
However,  the  coherent  AM  link  outperforms  the  DD  link  for  high  loss  (loss  greater  than 
28  dB)  links  due  to  the  better  sensitivity  of  the  coherent  receiver  caused  by  the  presence 
of  an  LO  laser. 

For  low  received  optical  power  (<  100  |iW),  optical  amplification,  coherent 
detection,  or  both  can  be  used  to  improve  the  dynamic  range  of  the  links.  However,  for 
high  received  optical  power  (>1  mW),  the  conventional  direct  detection  link  gives  the  best 
performance.  The  shot  noise-limited  SFDR  of  the  conventional  direct  detection  link  is  2 
dB  higher  than  that  of  the  amplified  direct  detection  and  coherent  AM  link;  this  is  due  the 
3  dB  noise  figure  of  the  optical  amplifier  in  the  amplified  link  and  the  extra  signal 
processing  in  the  coherent  receiver  for  the  coherent  AM  link.  We  have  also  shown  that 
the  coherent  AM  links  are  more  sensitive  to  RIN  than  the  direct  detection  links.  The 
RIN-limited  SFDR  of  the  coherent  AM  links  is  4  dB  worse  than  that  of  the  direct 
detection  links. 

Our  experiments  provide  strong  evidence  that  the  dynamic  range  of  coherent  AM 
links  can  be  improved  by  using  better  devices.  The  SFDR  of  1 15  dB  Hz^''^  we  obtained 
using  Nd:YAG  lasers,  a  linearized  modulator,  and  a  balanced  receiver  is  the  best  dynamic 
range  ever  attained  with  a  coherent  analog  link;  it  was  obtained  using  modest  optical 
powers  of  1  mW  LO  and  0.5  mW  received  optical  signals,  and  this  was  because  we  were 
limited  by  the  saturation  of  our  photodetector  for  higher  optical  powers.  We  are 
confident  that  even  higher  SFDR  values  can  be  obtained  using  much  better  devices.  In 
addition,  we  have  experimentally  obtained  up  to  34  dB  reduction  in  third-order  IMD,  the 
largest  reported  for  any  modulator  linearization  scheme  for  any  type  of  analog  optical 
link. 

Due  to  the  large  potential  transmission  bandwidth  of  optical  fiber,  optical 
transmission  systems  are  well-suited  to  handle  the  expanded  bandwidth  of  wideband 
angle  modulated  signals.  Our  investigation  of  angle  modulated  links  during  this  project 
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has  been  motivated  by  a  desire  to  see  the  same  signal-to-noise  ratio  (SNR)  improvements 
in  fiber  systems  that  are  exploited  in  commercial  FM  radio  and  video. 

We  present  the  spurious-free  dynamic  ranges  (SFDRs),  RF  power  transfer  ratios, 
and  noise  figures  of  coherent  phase  modulated  (PM)  and  frequency  modulated  (FM)  links 
using  either  direct  modulation  of  the  grating  section  current  of  a  laser  diode  or  external 
phase  modulation.  We  found  that  coherent  angle  modulated  systems  are  intrinsically 
sensitive  to  phase  noise  because  their  signal  information  is  contained  in  the  optical  phase. 
For  a  combined  transmitter  laser  and  local  oscillator  laser  linewidth  of  20  MHz,  phase 
noise  is  the  dominant  noise  in  PM  and  FM  links  for  received  optical  power  levels  above 
-30  dBm,  and  limits  the  SFDR  to  30  dB  and  31  dB  in  a  1  GHz  bandwidth  for  PM  and 
FM  links,  respectively.  For  a  combined  linewidth  of  10  kHz,  phase  noise  dominates  the 
noise  characteristics  for  received  optical  power  levels  above  -5  dBm,  and  limits  the  SFDR 
to  5 1  dB  and  53  dB  in  a  1  GHz  bandwidth  for  PM  and  FM  links,  respectively.  Angle 
modulated  links  can  exhibit  substantial  RJN  insensitivity  through  the  use  of  a  limiter  in 
the  receiver  and  by  operating  at  an  IF  well  above  the  RIN  roll-off  frequency.  The 
linearity  of  angle  modulated  links  tends  to  improve  for  high  IFs  due  to  the  improved 
linearity  of  the  phase  or  frequency  discriminator  in  the  receiver. 

We  find  that  externally  angle  modulated  coherent  links  are  inherently  more  lossy 
than  externally  amplitude  modulated  links,  due  to  the  large  losses  of  the  integrator  and 
discriminator  filters  in  these  links.  Extra  amplification  is  required  before  these  filters  for 
these  links  to  attain  their  SFDR  potential.  The  directly  frequency  modulated  coherent 
link,  on  the  other  hand,  is  less  lossy  than  externally  amplitude  modulated  links  due  to  its 
high  conversion  efficiency  of  input  RF  power  to  optical  frequency  deviation.  The 
difficulty  with  directly  frequency  modulated  links  is  that  it  is  difficult  to  guarantee  a 
linear  frequency  versus  current  characteristic  over  many  GHz  in  conjunction  with  a 
sufficiently  low  linewidth. 

We  then  consider  reference  transport  as  a  means  of  transmitter  phase  noise 
cancellation  (PNC)  in  angle  modulated  analog  links.  We  found  that  reference  transport  in 
links  using  direct  frequency  modulation  is  not  a  useful  means  of  PNC  because  laser  phase 
noise  in  links  using  direct  FM  is  equivalent  to  white  noise  in  the  original  applied  RF 
signal.  We  found  that  reference  transport  in  externally  angle  modulated  links  requires 
frequency  shifting  of  the  reference  to  facilitate  demodulation  of  the  PM  or  FM  signal.  As 
a  result,  we  analyzed  a  novel  class  of  linewidth-insensitive  analog  links:  interferometric 
angle  modulated  links.  Linewidth  insensitivity  is  attained  through  the  transport  of  a 
reference  derived  from  the  transmitter  laser  in  the  same  fiber  as  the  optical  field  carrying 
the  desired  signal.  The  IF  frequency  shift  required  for  demodulation  of  FM  and  PM 
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signals  is  generated  using  a  novel  electro-optic  quasi-single  sideband  (SSB)  frequency 
shifter  in  heterodyne  interferometric  links  and  using  mixers  at  the  receiver  in  homodyne 
interferometric  links. 

We  present  the  SFDRs,  RF  power  transfer  ratios,  and  noise  figures  of  heterodyne 
and  homodyne  interferometric  PM  and  FM  links.  Since  interferometric  links  are  more 
linear  than  externally  amplitude  modulated  links  for  high  intermediate  frequencies,  the 
phase  modulated  interferometric  links  (HIPM  and  HPM)  show  about  a  2  dB  SFDR 
advantage  over  amplitude  modulated  links  at  low  received  optical  powers.  The  frequency 
modulated  interferometric  links  (HIFM  and  HFM)  show  a  corresponding  5  dB  SFDR 
advantage.  As  laser  relative  intensity  noise  (RIN)  becomes  dominant  for  received  optical 
powers  above  1  mW,  the  potential  SFDR  advantage  of  the  interferometric  links  increases. 
At  a  received  optical  power  of  1 0  mW,  the  HIFM  link  shows  an  1 1  dB  SFDR  advantage 
over  a  direct  detection  link  for  a  laser  RIN  of  -155  dB/Hz.  For  a  laser  RIN  of  -130 
dB/Hz,  the  HIPM  link  shows  a  24  dB  SFDR  advantage  over  the  direct  detection  link. 
Heterodyne  interferometric  links  are  partially  insensitive  to  laser  RIN  because  the  signal 
information  is  in  the  optical  phase.  However,  they  are  not  completely  insensitive  to  laser 
RIN  due  to  the  RIN  of  the  optical  reference.  Homodyne  interferometric  links  are  less 
insensitive  to  laser  RIN  because  baseband  RIN  is  converted  up  to  the  intermediate 
frequency  of  the  receiver. 

Interferometric  links  are  also  significantly  more  lossy  than  externally  amplitude 
modulated  links.  They  share  the  lossy  integrator  and  discriminator  filters  of  the  coherent 
angle  modulated  links  and  have  additional  optical  losses  due  to  the  optical  reference 
transport.  As  a  result,  significant  amplification  is  again  required  for  interferometric  links 
to  reach  their  SFDR  potential. 

We  briefly  describe  a  proof-of-concept  experimental  demonstration  of  an  HIPM 
link  to  verify  the  potential  of  interferometric  links.  A  23  dB  suppression  of  third-order 
nonlinearities  (7.7  dB  SFDR  improvement)  over  that  of  a  conventional  direct  detection 
link  is  obtained  using  an  HIPM  link  with  an  intermediate  frequency  of  650  MHz  and 
signal  frequencies  of  47.5  and  52.5  MHz.  Data  is  presented  which  shows  the  significant 
impact  of  receiver  nonidealities,  indicating  that  the  SFDR  improvement  can  be  nearly 
twice  as  large  in  a  carefully  optimized  system. 

We  consider  the  use  of  optical  amplifiers  to  increase  the  available  optical  power  in 
interferometric  links.  We  derive  the  SFDR  expressions  for  optically  amplified 
interferometric  PM  and  FM  links  and  show  that  for  realistic  antenna  remoting  system 
parameters  (including  modulator  and  link  losses),  the  HIPM  and  HIFM  links  have  the 
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potential  to  improve  link  SFDRs  by  6  dB  and  9  dB,  respectively,  over  an  optically 
amplified  direct  detection  link. 

We  consider  a  simple  method  for  discriminator  linearization  to  improve  angle 
modulated  link  SFDR.  Assuming  realistic  antenna  remoting  system  parameters,  a 
linearized  HIPM  link  can  potentially  gain  7  dB  of  SFDR  over  an  unlinearized  HIPM  link 
at  a  received  optical  power  of  10  mW. 

We  consider  the  use  of  subcarrier  multiplexing  (SCM)  as  a  means  of  transmitting 
many  narrowband  channels  using  a  single  transceiver.  The  derived  results  are  used  to  find 
signal  power,  laser  linewidth,  and  laser  RIN  requirements  for  analog  video  systems,  SCM 
digital  systems,  and  antenna  remoting  systems.  For  AM  video  and  antenna  remoting 
applications,  low-linewidth  sources  such  as  Nd:YAG  lasers  are  needed  for  PM  and  FM 
coherent  systems.  For  these  same  applications,  the  amplitude  modulated  links  need 
extremely  high  received  optical  powers  and  low  RIN  due  to  the  high  required  CNRs. 
Even  if  optical  amplifiers  (OAs)  are  used  in  the  amplitude  modulated  links,  noise 
associated  with  the  spontaneous  emission  of  OAs  and  the  received  power  limitations  on 
the  photodiode  may  prevent  the  fulfillment  of  the  SFDR  requirements  in  that  link.  For 
FM  video  and  SCM  digital  applications,  presently  available  semiconductor  laser  diodes 
can  easily  fulfill  the  requirements  on  the  laser  transmitter  in  the  direct  detection  and  the 
coherent  systems.  Interferometric  links  behave  similarly  to  the  direct  detection  and 
coherent  AM  links,  with  less  stringent  RIN  requirements. 

The  fundamental  conclusion  which  we  draw  from  our  work  on  angle  modulated 
links  is  that  coherent  angle  modulated  links  are  promising  for  low  received  powers  (<  1 
mW)  and  low  laser  linewidths,  while  interferometric  angle  modulated  links  are  promising 
for  high  received  powers  (>  1  mW).  As  a  result,  coherent  angle  modulated  links  are 
potentially  useful  in  distribution  and  other  high-loss  links  using  solid-state  Nd;YAG  or 
low-linewidth  (<  100  kHz)  semiconductor  lasers.  Interferometric  links  do  not  have 
linewidth  requirements  but  do  require  high-power  semiconductor  lasers  and  optical 
amplification.  All  externally  angle  modulated  links  are  lossy  in  the  RF  domain  and  require 
more  RF  amplification  than  in  externally  amplitude  modulated  links. 
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Chapter  One _ _ _ 

Introduction  to  Advanced  Analog  Optical  Links 


1.1  Introduction 

Applications  involving  multiple  remote  antennas  require  the  transport  of 
wideband  analog  signals.  Optical  fiber  provides  a  nearly  ideal  signal  transport  medium 
due  to  its  extremely  low  frequency-independent  loss  and  low  dispersion. 

The  objective  of  an  analog  link  is  to  transport  an  analog  signal  from  one  site  to 
another  with  high  fidelity.  The  fidelity  is  commonly  characterized  by  a  number  of 
performance  measures.  A  very  important  performance  measure  is  the  dynamic  range. 
The  spurious-free  dynamic  range  (SFDR)  is  the  ratio  of  the  largest  usable  output  signal  to 
the  smallest.  The  largest  usable  signal  is  often  limited  by  the  spurious  signals  resulting 
from  intermodulation  products  (IMPs)  produced  by  the  system  nonlinearities  while  the 
smallest  usable  signal  is  limited  by  the  noise  power.  Another  fundamental  measure  is  the 
RF  power  transfer  ratio,  that  measures  the  efficiency  with  which  the  link  transfers  the 
input  microwave  power  to  the  output.  It  is  important  to  achieve  high  transfer  ratio, 
especially  at  high  frequencies,  because  low  noise  electronic  amplifiers  are  not  trivial  to 
implement.  In  addition,  the  links'  noise  performance  has  to  be  addressed,  which  is  often 
characterized  by  the  noise  figure  (NF). 

Analog  links  often  require  high  dynamic  range,  high  RF  transfer  ratio  and  low 
noise  figure.  These  have  been  difficult  to  achieve  with  current  approaches.  In  Section 
1 .2,  we  will  review  the  current  approaches  in  constructing  analog  optical  links  and  some 
of  the  techniques  studied  in  improving  their  perfonnance.  Section  1.3  will  outline  the 
background  of  the  advanced  technique  we  proposed  to  studies  in  this  project  while  a 
scope  of  this  project  is  contained  in  Section  1.4. 

1.2  Previous  Work  and  Current  Approaches 

The  most  straightforward  modulation  technique  is  amplitude  modulation  (AM). 
AM  can  be  used  in  direct  detection  analog  optical  systems.  To  date,  the  two  most 
popular  AM  direct  detection  links  are:  direct  modulation  of  semiconductor  lasers  and 
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external  modulation  of  lasers  using  lithum  niobate  integrated  optical  Mach  Zehnder 
modulators. 

1.3  Advanced  Techniques 

1.3.1  Coherent  Detection 

The  use  of  coherent  detection  allows  considerable  flexibility  in  the  implementation 
of  analog  optical  systems.  Coherent  systems  can  utilize  alternative  modulation  formats 
such  as  phase  and  frequency  modulation,  which  can  lead  to  improved  dynamic  range  and 
noise  figure.  In  WDM  systems,  coherent  detection  offers  the  additional  advantage  of 
excellent  frequency  selectivity.  Because  coherent  analog  systems  preserve  optical  phase 
information,  fiber  dispersion  effects  can  be  compensated  in  their  receivers.  This  may  be 
important  for  long,  high  bandwidth  links. 

1.3.2  Optical  Amplification 

Optical  amplifiers  have  been  heavily  deployed  in  the  field  of  long-distance  digital 
telecommunications.  In  such  applications,  optical  amplification  is  used  to  overcome 
propagation  losses  incurred  over  long  spans  of  fiber.  The  motivation  for  optical 
amplifiers  in  analog  links  is  somewhat  different  than  for  long-distance  digital  links.  Many 
(but  not  all)  analog  link  applications  involve  relatively  modest  optical  losses  between  the 
transmitter  and  receiver.  Despite  this  fact,  there  is  still  substantial  motivation  to 
investigate  optical  amplifiers  for  our  application,  including: 

•  improving  the  RF  power  transfer  ratio.  Because  low  noise  high  bandwidth 
electronic  amplifiers  are  not  trivial  to  implement,  this  is  an  important  contribution 
to  the  link  performance; 

•  compensating  for  optical  power  splitting  losses  in  analog  distribution  systems. 
There  are  various  applications  in  which  it  is  desirable  to  distribute  one  or  more 
microwave  signals  to  multiple  signal  processors.  In  these  applications,  the  signal 
power  may  be  split  many  ways,  and  the  gain  provided  by  optical  amplifiers  can 
compensate  for  this  splitting  loss. 


24 


1.33  Angle  Modulation 


Angle  modulation  can  potentially  improve  analog  optical  link  performance  as 
compared  to  AM  in  exchange  for  wider  bandwidth.  However,  there  are  several  difficulties 
which  must  be  overcome  for  wideband  angle  modulated  links  to  become  feasible 
alternatives  for  conventional  AM  links.  Some  of  these  include: 

•  Nonuniform  laser  FM  response  and  nonlinear  frequency  versus  current 
characteristics  in  directly  modulated  FM  systems. 

•  Constmction  of  microwave  discriminators  which  are  highly  linear  over  a  fi-equency 
range  of  several  to  upwards  of  10  GHz. 

•  Development  of  linewidth-insensitive  angle  modulated  links  which  enable  the  use 
of  rugged,  compact,  and  efficient  conventional  semiconductor  lasers  without 
linewidth-induced  performance  degradation. 

There  have  been  few  researchers  who  have  attempted  to  conquer  the  problems  of 
angle  modulated  analog  optical  links.  Plessey  et  al.,  during  a  recent  Air  Force  funded 
project,  investigated  linewidth-insensitive  separate-fiber  reference  transport 
configurations.  These  types  of  reference  transport  links,  though  feasible  for  digital  phase- 
shift-keying  systems,  are  not  feasible  for  angle  modulated  analog  links,  as  is  explained  in 
Chapter  9  of  this  report.  Seeds  et  al.  [2]  built  a  directly  modulated  coherent  FM  link  but 
had  difficulties  with  a  nonoptimal  receiver.  Neither  of  these  groups  provided  a 
comprehensive  theoretical  analysis  of  angle  modulated  analog  optical  links  or  developed 
an  angle  modulated  analog  link  which  is  potentially  linewidth-insensitive. 

1.3.4  Technical  Challenges 

There  exist  a  variety  of  difficulties  in  implementing  these  techniques. 
Semiconductor  lasers  are  attractive  for  use  in  the  transmitter  and  local  oscillator  in 
coherent  optical  links  due  to  their  small  size  and  weight,  high  electrical-to-optical  power 
conversion  efficiency,  and  rugged  construction.  However,  semiconductor  lasers  have  wide 
optical  linewidths,  which  can  cause  substantial  degradation  of  the  perfonnance  of 
coherent  analog  links;  this  phenomenon  represents  a  major  obstacle  to  the  practical 
application  of  coherent  techniques  to  analog  optical  links  and  to  the  use  of  angle 
modulation  in  analog  optical  links. 
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As  with  other  amplifiers,  optical  amplifiers  add  noise  to  the  amplified  signal. 
Broadband  spontaneous  emission  noise  is  generated  in  the  course  of  amplification  and  can 
result  in  substantial  degradation  in  performance. 

1.4  Scope  of  the  Project 

The  objective  of  this  project  is  to  unite  the  potential  of  coherent  analog  optical 
techniques  with  the  practical  advantages  of  semiconductor  lasers.  Our  goals  have  been  to 
produce: 

•  A  general  theory  predicting  the  performance  of  coherent  optical  analog  links 
utilizing  wide  linewidth  semiconductor  lasers.  This  theory  will  apply  to  systems 
utilizing  a  wide  variety  of  modulation  fonnats  and  demodulation  techniques. 

•  Models  of  critical  components  appropriate  for  our  analysis,  including 
semiconductor  lasers,  optical  amplitude  and  phase  modulators,  optical  amplifiers, 
and  microwave  rectifiers  and  delay-line  discriminators. 

•  Line  width-insensitive  system  designs. 

•  Demonstrations  of  linewidth-insensitive  links. 

•  Characterization  and  evaluation  of  experimental  linewidth-insensitive  links. 

•  Suggestions  of  directions  for  future  work  leading  to  more  robust,  higher 
performance  fielded  systems. 

During  this  project,  we  have  analyzed  the  performance  of  analog  optical  links  as 
quantified  by  spurious-free  dynamic  range  (SFDR),  RF  power  transfer  ratio,  and  noise 
figure,  and  compare  their  perfonnance  to  that  of  conventional  direct  detection  links.  The 
advanced  links  which  we  have  considered  are  coherent  links,  optically  amplified  links, 
angle  modulated  links,  and  combinations  of  the  above.  To  show  the  validity  of  our 
analyses,  we  have  also  constructed  several  of  the  above  advanced  links.  We  have 
measured  the  performance  of  these  experimental  implementations  as  quantified  by  the 
above  performance  measures.  We  have  met  the  project  objectives  in  our  investigation  of 
coherent  and  angle  modulated  links  and  have  exceeded  them  in  our  investigation  of 
optically  amplified  links. 
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Chapter  Two 


Definitions  and  Background 


In  this  chapter,  we  review  some  background  material  that  will  be  used  extensively 
in  the  succeeding  chapters.  Section  2.1  presents  the  analog  link  performance  measures: 
dynamic  range,  link  gain  and  noise  figure.  Section  2.2  gives  a  theoretical  analysis  of  the 
direct  detection  link  since  this  link  will  be  used  as  the  "baseline"  system  from  which  other 
links  suggested  and  studied  will  be  compared  to. 

2.1  Analog  Link  Performance  Measures 

In  this  section,  the  three  most  widely  used  performance  measures  for  analog  links 
are  defined  and  estimates  of  the  theoretical  performance  of  the  coherent  AM  link  are 
presented.  This  section  starts  with  a  discussion  of  the  spurious-free  dynamic  range, 
followed  by  the  link  gain,  and  then  the  noise  figure. 

2.1.1  Dynamic  Range 

The  dynamic  range  (DR)  is  defined  as  the  ratio  of  the  maximum  input  RF  power 
^in  max  minimum  input  RF  power  that  can  be  carried  by  the  fiber  optic 

link  [1]: 
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Since  the  square  of  the  modulation  index  m  is  proportional  to  the  input  RF  power,  Eq. 
(2.1)  can  be  rewritten  as  follows: 
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where  mmin  ff^max  are  the  minimum  and  maximum  modulation  indices  that  the 
system  can  handle,  respectively,  mmin  is  the  modulation  index  of  the  input  signal  that 
results  in  equal  signal  and  noise  powers  (SNR  =1).  For  systems  with  inherent 
nonlinearities  in  its  components  (in  other  words,  for  all  practical  systems),  the  maximum 
modulation  index  is  limited  by  third  order  intermodulation  distortions  (IMD).  To 
evaluate  the  relative  magnitude  of  the  IMDs,  two  equal  amplitude  signals  at  frequencies 
CO]  and  (O2  are  transmitted  through  the  system  and  the  amplitude  of  the  third  order  terms 
at  frequencies  2C0]  -CO2  and  2C02  -  COj  are  measured.  The  third  order  IMDs  increase  as 
the  cube  of  the  input  voltage  while  the  useful  signal  grows  linearly.  This  behavior  is 
illustrated  in  Fig.  2-l(a).  mmax  is  the  value  of  m  that  makes  the  IMD  power  equal  to  the 

noise  power: 

=(-'L,)l._  P.3) 


where  and  ifioise  distortion  and  noise  currents  at  the  output  of 

the  receiver,  respectively.  When  mmax  is  defined  as  per  Eq.  (2.3),  the  ratio  defined  by 
Eq.  (2.2)  is  called  the  spurious-free  dynamic  range  (SFDR): 
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Fig.  2-1.  Definitions  of  the  dynamic  range:  (a)  The  spurious-free  dynamic  range  (SFDR); 
(b)  The  fundamental  limit  of  the  dynamic  range. 
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In  the  absence  of  any  nonlinearities  mmax  equals  one  and  Eq.  (2.2)  becomes 


FLDR  =101og 


\  Iran  . 


(2.5) 


where  FLZ)/Z  is  the  fundamental  limit  of  the  dynamic  range  (FLDR)  illustrated  in  Fig.  2- 
1(b).  Clearly,  SFDR  can  never  exceed  FLDR. 


2.1.2  Link  Gain 


The  RF  power  transfer  ratio,  or  link  gain,  G  of  the  link  is  defined  as  the  ratio 
of  the  RF  power  at  the  link  output.  So  to  the  RF  power  at  the  link  input,  5,  ; 


G 


(2.6) 


2.1.3  Noise  Figure 


Noise  figure  measures  the  degradation  in  the  signal-to-noise  ratio  (SNR)  between 
the  input  and  output  of  a  link  and  is  defined  as; 


j.  _  SjlNj  _  No 

So/N,  GNi 


(2.7) 


where  5/  and  N/  are  the  input  signal  and  noise  powers;  Sq  and  are  the  output  signal 

and  noise  powers;  and  G  is  the  link  gain  discussed  in  the  previous  section.  By  definition, 
the  input  noise  power  is  the  noise  power  from  a  matched  resistor,  =  kTB ,  where  k  is 

Boltzmann's  constant;  T  is  the  resistor  temperature;  and  B  is  the  signal  bandwidth.  The 
output  noise  power  can  be  expressed  by; 


No  =  GNi  +  T]B  (2.8) 

where  hB  is  the  additive  noise  introduced  by  the  link.  Substituting  =  kTB,  we  can 
express  the  noise  figure  as; 
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(2.9) 


2.2  Theoretical  Analysis  of  the  Direct  Detection  Link 

In  this  section,  we  review  direct  detection  links.  The  results  of  this  section  will 
serve  as  a  basis  for  comparison  with  the  coherent  links  presented  in  the  succeeding 
chapters. 

The  block  diagram  of  an  externally  modulated  direct  detection  system  is  shown  in 
Fig.  2-2.  The  light  from  the  transmitting  laser  is  modulated  by  an  external  Mach-Zehnder 
modulator. 


Input 


Amplitude  Photodetector 

modulator 


Fig.  2-2.  Block  diagram  of  a  direct  detection  receiver. 


It  can  be  shown  that  the  received  optical  field  es(t)  is  given  by; 

^,(0  =  -^- exp(y[a},r  +  0„(r)  +  m-ar(O])  +  exp  j  co^t+<pJt)  +  ^  (2.10) 


where  x(i)  is  the  input  RF  voltage  (normalized  to  unity  amplitude);  Ps  is  the  received 
optical  power;  cOs  and  0/jj(t)  are  the  optical  carrier  frequency  and  phase  noise  of  the  laser 
transmitter,  respectively;  and  m  is  the  modulation  index  defined  by  the  following 
expression: 


(2.11) 


where  Vp  is  the  peak  amplitude  of  the  applied  RF  voltage  and  Vp  is  the  half-wave  voltage 
of  the  modulator.  The  output  current  of  the  photodetector  is: 
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ijit)  =  /?|^,(r)|^  +  nit)  =  /?/’,[!  +  sin(/w  •  j:(f))]  +  nit) 


(2.12) 


where  R  is  the  photodetector  responsivity  and  n(t)  is  the  additive  white  Gaussian  noise  at 
the  output  of  the  photodetector  consisting  of  the  shot  and  thermal  noises.  The  single¬ 
sided  PSD  of  n(t)  is  given  by: 

AkT 

S„if)=r]=r],,  +  n^=leRP,+—,  forO<f<‘>o  (2.13) 

where  and  are  the  PSD's  of  the  shot  noise  and  thermal  noise,  respectively,  e  is  the 
electron  charge,  k  is  the  Boltzmann's  constant,  T  is  the  receiver  noise  temperature,  and  r  is 
the  input  resistance  of  the  amplifier. 

To  determine  the  fundamental  limit  of  the  performance  of  this  system,  we  assume 
for  a  moment  that  the  external  modulator  is  replaced  by  an  ideal  modulator  having  no 
nonlinear  distortions  in  the  region  of  operation.  Then  smimx(t))  =  mx(t)  and  Eq.  (2.12) 
becomes: 

Fundamental  limit:  ijit)  =  RPj[l  + m- xit)]  + nit)  (2.14) 

The  SFDR  is  evaluated  by  assuming  a  nonlinear  external  modulator  with  the  third 
order  terms  being  the  dominant  IMDs.  In  this  case. 


sin[m  •  jr(/')]  =  •  xit)  - 


[m  •  x(f)]^ 
3 


(2.15) 


and  Eq.  (2.12)  becomes 

=  +  +  (2-16) 

Similar  to  [2]  and  [3],  we  assume  the  low  pass  filter  to  have  an  impulse  response 
of 
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(2.17) 


The  numerators  of  Eqs.  (2.19),  (2.20),  and  (2.21)  represent  the  signal  while  their 
denominators  represent  the  noise. 

Using  (2.6)  and  following  the  procedure  outlined  in  [4,  5],  the  gain  for  the  direct 
detection  link,  ,  is  given  by: 


33 


(2.22) 


r 

^dd 


V  y 


while  using  Eq.  (2.9),  the  noise  figure  is; 


Vdd 

GddkT 


where  T]dd  and  Gdd  are  given  by  Eqs.  (2.13)  and  (2.22),  respectively. 
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Chapter  Three 


Theory  of  Coherent  AM  Links 


In  Chapter  1,  we  have  seen  that  the  laser  phase  noise  associated  with  the  wide 
linewidth  of  semiconductor  lasers  can  cause  substantial  performance  degradation  in 
coherent  analog  links.  This  phenomenon  represents  a  major  obstacle  to  the  application  of 
coherent  techniques  to  analog  optical  links. 

Conventional  synchronous  receivers  requires  phase-locking  between  the 
transmitter  and  the  LO  lasers.  The  phase-locking  is  difficult  to  achieve  and  leads  to 
extremely  stringent  requirements  on  the  laser  linewidth.  Asynchronous  receivers  using 
WIRNA  (WIdeband-Rectifier-NArrowband  filter)  processing  have  been  shown  to  be 
effective  in  achieving  laser  linewidth  insensitive  performance  in  ASK  (amplitude  shifted 
keying)  homodyne  and  heterodyne  digital  systems  [1],  [2].  Since  the  phase  information  is 
discarded  in  the  WIRNA  receiver,  it  works  effectively  with  amplitude  modulation. 

In  this  chapter,  the  analog  version  of  the  ASK-WIRNA  homodyne  and  heterodyne 
digital  systems  are  analyzed.  In  Section  3.1,  a  multiport  homodyne  WIRNA  link  is 
studied  while  Section  3.2  investigates  the  performance  of  a  heterodyne  WIRNA  link. 
Section  3.3  examines  the  practical  issues  encountered  in  the  implementation  of  these  links. 

3.1  Homodyne  AM-WIRNA  Links 

In  homodyne  systems,  the  frequency  of  the  incoming  signal  and  the  LO  are  the 
same.  Since  the  electrical  output  of  the  photodetector  is  a  baseband  signal,  large 
bandwidth  photodetectors  are  not  required.  Also,  baseband  processing  can  avoid 
degradation  due  to  overlapping  of  the  signal  spectrum  with  the  noise  peak  of 
semiconductor  lasers. 

In  this  section,  we  discuss  three  types  of  homodyne  WIRNA  links:  (a)  a  2-port 
homodyne  link,  (b)  a  K-port  homodyne  link  and  (c)  a  2K-port  homodyne  link  (for  K>1). 
We  show  that  the  2-port  homodyne  link  suffers  from  degradation  caused  by  baseband 
processing,  while  the  2K-port  link  obtains  the  best  performance,  although  the  structure  is 
complicated  in  practice. 
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3.1.1  2-Port  Homodyne  Link  Description 


The  block  diagram  of  an  externally  modulated  coherent  AM  link  using  an  optical 
90°  hybrid  phase  diversity  WIRNA  homodyne  receiver  is  shown  in  Fig.  3-1.  The  optical 
signal  from  the  transmitter  laser  is  modulated  by  an  electro-optic  modulator.  The  optical 
frequency  of  the  local  oscillator  is  same  as  that  of  the  optical  signal.  The  optical  signal  and 
the  local  oscillator  output  are  combined  by  an  optical  90°  hybrid.  The  polarization  state 
of  the  received  optical  signal  is  tracked  using  a  polarization  controller  and  a  feedback 
control  technique  is  used  to  match  the  polarization  state  of  Eio(t)  with  Es(t).  In  addition, 
an  automatic  frequency  control  (AFC)  loop  is  used  to  keep  the  LO  laser  frequency  equal 
to  the  laser  frequency  of  the  transmitter.  Each  of  the  two  outputs  of  the  optical  90° 
hybrid  is  sent  to  a  photodetector  and  then  through  a  DC  block  to  a  wideband  lowpass 
filter.  Then,  using  square-law  detectors,  each  signal  is  multiplied  with  itself.  The  two 
output  signals  are  combined  at  this  point,  and  the  phase  noise  terms  are  canceled  due  to 
the  phase  difference  produced  by  the  optical  90°  hybrid.  Finally,  the  combined  signal 
passes  through  a  DC  block  and  a  narrowband  lowpass  filter. 


Fig.  3-1.  Block  diagram  of  the  homodyne  AM-WIRNA  link. 
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Table  3-1.  Definition  of  the  variables 


Es  ,Elo 

Phasor  of  the  optical  signal  and  local  oscillator 

^1,^2 

Output  phasor  of  the  optical  hybrid  port  1  and  port  2 

^S,  ^LO 

Optical  signal  and  local  oscillator  frequency 

9s,  ^LO 

Phase  noise  of  the  optical  signal  and  local  oscillator 

m 

Combined  linewidth  of  the  signal  and  the  local  oscillator  lasers 

m 

Modulation  index  to  the  external  modulator 

x(t) 

Normalized  RF  input  signal  to  the  modulator 

Ps 

Received  optical  power 

Pw 

Local  oscillator  optical  power 

L 

Total  loss  of  the  optical  hybrid  from  an  input  port  to  an  output  port 

A 

=RL;  coefficient  of  the  signal  amplitude  for  homodyne  links 

C 

=  ;  coefficient  of  the  signal  amplitude  for  homodyne  links 

Bl 

Bandwidth  of  the  lowpass  filter  (first  stage:  wide  bandwidth) 

B2 

Bandwidth  of  the  lowpass  filter  (last  stage:  narrow  bandwidth) 

3.1.2  System  Evaluation 

The  light  from  the  transmitter  laser  is  modulated  by  an  external  Mach-Zehnder 
modulator.  To  accomplish  quasi-linear  modulation,  the  modulator  is  biased  at  the  half 
power  point;  the  output  optical  power  of  the  modulator  can  be  expressed  as: 

=  ■^Y[l  +  ^(0]{exp[y(co/  +  ^,(r)  +  m  •  xit))]  +  exp[y(£y,r  +  (r)  +  ;r/2)]}  (3.1) 

The  output  of  the  LO  laser  has  a  complex  amplitude  Eio(t)  given  by: 

Euo^t)  =  ^|PLo[^  +  /Yo(0]  •  exp{y[(u^r  +  ^^^(r)]}  (3.2) 

After  the  photodetector,  the  signal  current  is  as  follows: 

iit)  =  sit)  +  n{t)  (3.3) 

where  s(t)  is  the  IF  signal  and  n(t)  is  the  additive  noise  process.  The  receiver  performance 
is  affected  by  noise  in  two  ways:  (a)  phase  noise  and  (b)  additive  noise.  A  description  of 
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the  noise  processes  and  their  properties  can  be  found  in  Appendix  A.  The  output  current 
of  the  photodetectors  are  given  by: 

/•(f)  =  a[p,  smx(t)  +  ^|2P^{cos[x(t)+ (pit)]- sin  (f>it)])  +  niit)  (3.4) 

4  it)  =  a[P^  sin  xit)  +  ^2Pf^{sin[xit)  +  ^(f )]  +  cos  0(f)})  +  it)  (3.5) 

where /(if)  is  combined  phase  noise  of  the  signal  laser  and  the  local  oscillator  laser  given 
f(0-fs0)-fLo0)^  and  nj(t)  and  //^(f)  are  two  independent  additive  white  Gaussian  noise 
processes  with  power  spectral  densities  th  =  Ti^  =  V  =  'Hih  +2qRLiP,  +^lo)-  To 

evaluate  the  SNR  of  the  system  in  Fig.  3-2,  we  assume  a  normalized  sinusoidal  RF  input 
signal  A:(f)  =  cos{27tfj  +  6),  where  fm  is  the  signal  frequency  and  q  is  the  random  initial 

phase  uniformly  distributed  between  0  and  2p.  The  output  of  the  link  contains  five  terms: 

(a)  recovered  signal  with  the  power  P^, 

(b)  direct  detection  squared  term  P2HD  (second  harmonic  term); 

(c)  direct  detection  -  phase  noise  product  with  the  power  P direct-phase^ 

(d)  signal-cross-white  additive  noise  product  with  the  power  P signal-noise^ 

(e)  white  additive  noise  squared  term  with  the  power  Pwhite-white- 

We  assume  that  the  bandwidth  of  the  wideband  lowpass  filters  is  sufficiently  large 
such  that  the  amplitude  noise  to  phase  noise  conversion  is  negligible.  This  filter  helps  to 
reduce  the  impact  of  the  white  additive  noise  [1]. 

Evaluating  the  power  of  each  component,  the  output  signal-to-noise  ratio  (SNR) 
can  be  expressed  as: 


SNR  = 


Signal 


P  4-  P  4-  P  +  P 

‘  2  HD  ^  *  direct^ phase  ‘  stgnal^wkute  white— white 


^a^p'^pW 


i  A^P^m^  +  SA^P^P^m^  (l  -  F. )  +  77(1  -  F, )  +  2  7)^5,  (45,  -  R, ) 


(3.6) 
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Fig.  3-2.  FLDR  of  the  2-port  homodyne  AM-WIRNA  receiver  vs.  received  optical 

power. 

where  G j  and  G  t  expresses  a  portion  of  the  noise  power  outside  the  signal  bandwidth 
given  by 


1  4AvB, 

—tan  — ; - 

n  45; -A V- 

,  1  _i  4Av5^ 

1 - tan  — ^ ^  , 

n  AV--45' 


if  Av<  2B, 


if  Av>  2B, 


2nB^  yB^-Bj 


Avis  the  total  linewidth  of  the  signal  and  local  oscillator  lasers  and  5/  and  B2  are  the 
wideband  and  narrowband  filter  bandwidth,  respectively.  From  Eq.  (3.6),  the  FLDR  is 
obtained  as: 


FLDR  = 


- A^P:  +  8 A (1  - r, ) -F 1  eA^Pf^B, 77(l-r,)  +  2r/^5, (45,  - B, ) 
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Fig.  3-2  shows  the  dependency  of  the  FLDR  on  the  optical  received  power.  For 
this  graph,  values  of  the  parameters  are  chosen  as  B  i  =  1  GHz,  B2  =  6  MHz,  Av  = 
20MHz,  and  Plo  =  lOdBm.  Inspection  of  the  graph  reveals  that  for  high  received  optical 
power,  the  FLDR  becomes  worse.  It  is  because  of  the  noise  term  generated  by  the 
multiplication  of  the  direct  detection  term  and  the  phase  noise  term.  From  this  graph,  we 
conclude  that  the  2-port  homodyne  system  cannot  achieve  high  dynamic  range. 


Fig.  3-3.  FLDR  of  the  multi-port  homodyne  AM  WIRNA  receiver  vs.  received  optical 

power. 

3.1.3  K-port  Homodyne  Link  Description 

To  increase  the  dynamic  range,  a  multi-port  homodyne  system  can  be  used.  In  a 
K-port  homodyne  system,  the  P direct-phase  t^oise  term,  which  limits  the  performance  in 
the  2-port  homodyne  system,  is  canceled  because  of  the  symmetry  in  the  optical  hybrid. 
The  structure  of  this  system  is  similar  to  the  2-port  system,  except  it  uses  an  K-port 
optical  hybrid  and  K  sets  of  receivers  [1].  The  resulting  FLDR  is 
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FLDR  = 


Higher  dynamic  range  is  obtained  by  this  structure  than  the  2-port  system. 
However,  as  seen  in  Fig.  3-3,  a  limit  still  exists  for  high  optical  signal  input.  This  limit 
stems  from  the  noise  term  generated  by  the  squaring  operation  of  the  direct  detection 
term,  i.e.,  second  harmonic  noise. 


Fig.  3-4.  block  diagram  of  2K-port  homodyne  receiver. 


3.1.4  2K-port  Homodyne  Link  Description 

For  further  improvement  of  the  link,  a  balanced  receiver  structure  can  be 
introduced.  The  block  diagram  of  a  2K-port  homodyne  link  is  shown  in  Fig.  3-4.  In  this 
receiver,  a  balanced  receiver  stmcture  is  applied,  as  well  as  a  2K-port  optical  hybrid.  The 
optical  signal  and  the  local  oscillator  output  are  combined  by  a  2K-port  optical  hybrid 
(2K  means  the  number  of  the  output  ports  is  even  number,  but  not  two).  We  choose  the 
nth  and  (n+K)\h  outputs  as  a  pair  of  outputs.  Each  of  the  paired  outputs  of  the  2K-port 
optical  hybrid  is  sent  to  a  balanced  receiver.  Since  balanced  receivers  reject  the  common 
mode  signals,  the  direct  detection  term  and  the  common  mode  noises,  such  as  the  LO 
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RIN,  are  canceled  at  this  point.  Each  balanced  receiver  output  is  sent  through  a  DC  block 
and  a  wideband  lowpass  filter  to  a  square-law  detector.  All  of  the  output  signals  are 
combined  at  this  point,  and  the  phase  noise  terms  are  canceled  due  to  the  phase  difference 
produced  by  the  multiport  optical  hybrid.  Finally,  the  combined  signal  passes  through  a 
DC  block  and  a  narrowband  lowpass  filter.  In  this  way,  we  make  use  of  the  WIRNA 
structure,  balanced  receivers  and  a  phase  diversity  receiving  method. 


Ps  (dBm) 


Fig.  3-5.  FLDR  of  the  2-port  homodyne  AM  WIRNA  receiver  vs.  received  optical 

power. 


By  similar  analysis,  we  obtained  the  FLDR  of  this  system  as: 

FLDR  = - - 

P  +  P 

‘  signal^white  *  white^white 

S{2KYa^P;PI 

*  2^ 
16{2K)A^P,P^B, +  —  r]]B, (4R.  -  B, ) 


where 


V3  = 


(3.12) 
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By  this  double  canceling  technique,  noise  terms  with  large  Ps  dependency  are 
eliminated.  Fig.  3-5  shows  that  there  is  no  dependency  of  the  FLDR  on  the  optical 
received  power.  This  system  can  achieve  good  performance. 

3.2  Heterodyne  WIRNA  Link 


3.2.1  Link  Description 

The  block  diagram  of  an  externally  modulated  coherent  AM-WIRNA  link  is 
shown  in  Fig.  3-6.  The  link  consists  of  an  optical  transmitter,  fiber  and  a  coherent  optical 
receiver.  The  optical  transmitter  is  the  same  as  the  one  used  in  a  conventional  direct 
detection  receiver.  The  RF  input  signal  modulates  the  optical  carrier  using  an  external 
modulator.  During  coherent  detection,  the  received  optical  signal  is  mixed  with  the  output 
of  the  local  oscillator  (LO)  laser  before  it  is  incident  on  the  photodetector.  The 
polarization  state  of  the  receiver  optical  signal  is  tracked  using  a  polarization  controller, 
and  a  feedback  control  technique  is  used  to  match  the  polarization  state  of  Eio(t)  with 
Es(t).  In  addition,  an  automatic  frequency  control  (AFC)  loop  is  used  to  maintain  a  fixed 
intermediate  frequency  (IF)  by  tuning  the  LO  laser  frequency.  In  the  receiver,  the  output 
current  of  the  balanced  receiver  is  an  IF  signal;  the  RF  signal  is  recovered  by  a  square-law 
detector  (SLD)  and  a  lowpass  filter  (LPF).  A  bandpass  filter  (BPF)  is  used  to  filter 
excess  additive  noise  before  squaring. 


RF  input,  x(t) 


Transmitter 


Balanced 


RECEIVER 


WBPF 

Square 

Law 

NLPF 

Detector 

Output 

signal 


WBPF  =  wideband  bandpass  filter 
NLPF  =  narrowband  lowpass  filter 


Fig.  3-6.  Block  diagram  of  the  heterodyne  AM-WIRNA  link. 


3.2.2  System  Evaluation 

In  this  section,  we  analyze  the  coherent  AM  link  shown  in  Fig.  3-6.  The  results 
of  this  section  will  serve  as  a  basis  for  comparison  of  the  coherent  AM  link  with  the 
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direct  detection  link.  The  definitions  of  the  variables  used  in  this  analysis  are  listed  in 
Table  3-1.  The  output  signal  of  the  balanced  receiver  is  an  IF  signal  s(t)  and  can  be 
expressed  as: 


s{t)  =  C{cos[tu,f  r  +  +  xfr)]  -  sin[ci},^/  + 

=  Real{5(0-^'“'"'} 


(3.13) 


where  1(0  =  is  the  complex  envelope  of  the  IF  signal.  The  IF  signal 

is  processed  by  the  SLD,  whose  output  voltage  is: 


|f(0|  =  2C^{l  +  sin[mjc(0]} 


(3.14) 


Assuming  that  the  modulation  index  is  small  (m«l), 


|f(0f=2C'[l  +  /n-A:(0] 


(3.15) 


Thus,  ideally,  in  the  absence  of  additive  noise,  the  transmitted  signal  can  be  recovered 
upon  the  removal  of  the  DC  term  in  Eq.  (3.15). 

However,  as  a  result  of  the  spectral  broadening  due  to  the  phase  noise,  the 
selection  of  the  IF  bandwidth  is  critical  to  the  system  perfonnance.  If  the  bandwidth  of 
the  BPF  is  too  narrow,  some  of  the  signal  power  will  be  lost,  and  the  laser  phase  noise 
will  be  converted  to  intensity  noise  at  the  output  of  the  SLD;  if  it  is  too  wide,  more 
additive  noise  will  be  collected  [3]. 

A  single  test  tone  is  used  to  study  the  degradation  of  the  link  perfonnance  due  to 
the  phase  noise.  Consider  a  sinusoidal  RF  input  signal  x{t)  =  cos,{27tfj  +  6),  where  f„i  is 

the  signal  frequency  and  q  is  the  random  initial  phase  uniformly  distributed  between  0  and 
2p.  For  m«l,  the  output  signal-to-noise  ratio  (SNR)  can  be  expressed  as: 


SNR^ 


P  +P 

signal— white  white-wlute 


Irri^C" 


(3.16) 
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The  first  term  in  the  denominator  of  Eq.  (3.8)  is  due  to  the  beat  between  the  signal  and  the 
additive  noise.  The  second  term  is  due  to  the  squared  additive  noise. 

3.23  Link  Dynamic  Range 


To  evaluate  the  FLDR,  we  use  a  single-tone  signal  as  the  RP  input.  From  Eq. 
(3.16),  the  FLDR  for  a  coherent  heterodyne  AM  link  can  be  expressed  as: 


FLDR 


_ 2C^ _ 


(3.20) 


Fig.  3-7.  FLDR  of  the  heterodyne  AM  WIRNA  receiver  vs.  received  optical  power. 

3.3  Comparison  between  the  techniques 

To  summarize,  we  explain  the  difference  in  the  system  perfonnance  intuitively  in 
this  section.  Fig.  3-8  shows  the  comparison  of  the  performance  of  each  system  for  a 
typical  values  of  the  parameters,  B  i  =  1  GHz,  83  =  6  MHz,  Av  =  20  MHz,  and  Plo  = 
10  dBm.  In  Fig.  3-9,  the  spectra  before  and  after  the  square-law  detector  in  the 
homodyne  WIRNA  systems  are  shown  and  compared  with  those  in  the  heterodyne 
WIRNA  system.  In  the  heterodyne  system,  the  direct  detection  term  is  outside  the 
passband  of  the  IF  bandpass  filter.  Thus,  it  is  rejected,  and  there  is  no  P direct-phase 
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at  the  receiver  output;  as  the  result,  the  SNR  of  heterodyne  WIRNA  systems  is  close  to 

condition.  Therefore,  the  larger  the  the  larger  the  FLDR.  In 
the  2-port  homodyne  system,  the  main  noise  term  is  caused  by  the  multiplication  of  the 
direct  detection  signal  and  the  phase  noise.  Since  a  homodyne  system  uses  the  same 
frequency  region  for  the  signal  processing  as  that  of  the  RF  signal,  it  is  impossible  to 
remove  this  noise  term.  This  noise  term  increases  proportionally  to  Ps^  and  degrades  the 
FLDR  for  large  values  of  Ps.  The  achievable  SNR  is  thus  much  smaller  than  that  of  the 
heterodyne  system.  To  overcome  this  problem,  in  the  2K-port  homodyne  system,  the 
balanced  receivers  are  utilized  to  reject  direct  detection  terms  with  their  common  mode 
rejection  effect.  The  noise  components  contained  in  the  2K-port  homodyne  system  are 
effectively  identical  to  those  in  heterodyne  system.  Thus  the  2K-port  homodyne  system 
has  very  similar  performance  to  the  heterodyne  system.  Note  that  in  the  heterodyne 
system  the  bandwidth  of  IF  filter  should  be  twice  as  much  as  that  in  the  homodyne 
system.  This  leads  to  larger  noise  power.  But  it  affects  only  the  white:white  noise 
product,  which  is  not  usually  the  dominant  noise  term.  Therefore,  the  heterodyne  system 
can  achieve  similar  performance  with  simpler  structure  despite  the  larger  IF  bandwidth 
required. 
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Table  3-2.  Noise  terms  contained  in  each  system. 
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Fig.  3-9.  Comparison  of  the  homodyne  and  heterodyne  system  . 
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Chapter  Four 


Experimental  Coherent  AM  Links 


In  Chapter  3  we  concluded  that  it  is  possible  to  construct  a  linewidth-insensitive 
coherent  AM-WIRNA*  heterodyne  link.  In  this  chapter,  we  experimentally  investigate 
the  link  performance  of  this  AM-WIRNA  heterodyne  link,  and  compare  these  results  to 
those  for  a  similar  direct  detection  link.  For  this  and  the  succeeding  chapters,  when  we 
write  coherent  AM  link,  we  refer  to  the  coherent  AM-WIRNA  heterodyne  link. 

This  chapter  is  organized  as  follows:  Section  4.1  contains  a  description  of  the 
various  types  of  optical  transmitter  and  receivers  we  constructed  and  investigated  in  this 
chapter.  In  this  section,  we  also  present  the  two-tone  signal  generator  set-up.  Section 
4.2  deals  with  the  comparison  between  directly  and  externally  modulated  coherent  AM 
links  to  determine  which  optical  transmitter  would  give  the  better  performance  for  the 
coherent  AM-WIRNA  system.  The  better  link  would  then  be  used  for  further 
investigations  into  the  properties  of  coherent  AM  links.  The  theoretical  analyses  of  the 
link  performance  measures  —  the  spurious-free  dynamic  range,  link  gain  and  noise  figure  -- 
are  discussed  in  Section  4.3.  Section  4,4  demonstrates  phase  noise  cancellation  by  the 
coherent  AM-WIRNA  heterodyne  link  The  impact  of  system  parameters  such  as 
linewidth,  IF  bandwidth,  laser  relative  intensity  noise  (RIN),  received  signal  power  and 
laser  local  oscillator  (LO)  power  is  discussed  in  Section  4.5.  In  Section  4.6  we  present 
the  link  gain  and  noise  figure,  and  in  Section  4.7  the  link  loss  measurements  of  both 
coherent  AM  and  direct  detection  links  are  discussed.  Section  4.8  contains  the  references 
while  the  appendix  lists  the  devices  used  in  our  experimental  investigations. 

4.1  System  Description 

Shown  in  Fig.  4-1  is  a  conceptual  block  diagram  of  an  analog  optical  link 
illustrating  the  flow  of  the  RF  signal  from  the  optical  transmitter  through  an  optical 
attenuator  used  to  vary  the  received  optical  power,  several  meters  of  optical  fiber,  and 


*  AM-WIRNA  stands  for  Amplitude  Modulation-Wideband  filter-Rectifier-NArrowband  filter. 
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then  finally  to  the  optical  receiver.  In  our  experiments,  angled  optical  connectors  are  used 
throughout  the  optical  link  to  minimize  reflections. 


RF 

Input 

Signal 


Optical 

Fiber 


RF 

Output 

Signal 


Fig.  4-1.  Block  diagram  of  an  analog  optical  link. 

There  are  two  types  of  transmitters  and  receivers  used  in  the  experimental 
investigations,  and  these  will  be  discussed  in  Sections  4.1.1  and  4,1.2.  Section  4.1.3  will 
talk  about  the  type  and  structure  of  RF  input  test  signal  used  for  our  measurements. 

4.1.1  Optical  Transmitter 

An  optical  transmitter  can  either  be  externally  or  directly  modulated.  In  an 
externally  modulated  system,  the  input  signal  is  applied  to  a  separate  device  other  than 
the  laser  source,  while  for  the  directly  modulated  system,  the  RF  signal  is  applied  directly 
to  the  laser  source.  In  this  section,  we  describe  these  two  types  of  transmitters  and  in 
section  4.2,  we  compare  their  performances. 

Amplitude 


Fig.  4-2.  Block  diagram  of  the  externally  modulated  optical  transmitter. 

4. 1.1.1  Externally  Modulated  Optical  Transmitter 

The  block  diagram  of  the  externally  modulated  optical  transmitter  which  we 
constructed  and  investigated  is  shown  in  Fig.  4-2.  The  transmitter  laser  is  a  1.55  pm 
distributed  feedback  (DFB)  laser  with  a  built-in  optical  isolator  and  a  thermoelectric 
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cooler.  The  laser  launches  approximately  2  mW  of  optical  power  into  the  fiber  and  has  a 
RIN  of  -153  dB/Hz  to  -140  dB/Hz,  depending  on  the  drive  current  and  temperature. 

The  RF  signal  modulates  the  optical  carrier  via  a  LiNbOs  Mach-Zehnder 
modulator.  The  modulator  has  an  optical  insertion  loss  of  7  dB  and  its  7t-voltage  for 
100%  modulation  is  16  V.  A  manual  polarization  controller  is  used  to  align  the 
polarization  of  the  laser  light  to  that  allowed  by  the  electro-optic  modulator  (EOM). 

The  modulator  is  biased  at  its  half-power  point  to  eliminate  even  harmonics  and 
even  intermodulation  products  (operating  at  this  bias  point  essentially  adds  an  additional 
3  dB  loss  in  the  optical  link).  It  is  important  that  the  bias  remain  at  this  half  power  point; 
thus,  we  implemented  an  automatic  bias  control  circuit  in  our  set-up.  We  use  the  zeroing 
of  the  second-order  distortion  to  implement  a  closed-loop  control  of  the  bias.  This  is 
done  by  applying  a  small,  low  frequency  (10  kHz)  pilot  tone  to  the  modulator.  The  level 
of  the  second  harmonic  of  the  pilot  tone  is  then  monitored  at  a  detector  and  used  in  a 
feedback  loop  which  controls  the  bias  voltage. 


To  the 
RF  Input 
Port 


To  the 
Bias 
Voltage 
Port 


BIAS  CONTROL  CIRCUIT 


Fig.  4-3.  Block  diagram  of  the  automatic  bias  control  circuit  for  the  externally 

modulated  optical  transmitter. 
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The  detailed  block  diagram  of  the  bias  control  circuit  is  shown  in  Fig.  4-3.  The 
pilot  tone  is  combined  with  the  RP  input  signal  and  is  applied  to  the  RP  port  of  the 
EOM..  A  small  portion  of  the  optical  output  of  the  EOM  is  tapped  with  a  10/90 
coupler,  this  portion  is  fed  to  a  photodetector  (with  a  1  GHz  frequency  response)  and  a 
lock-in  amplifier.  The  pilot  signal  is  also  used  as  the  reference  signal  by  the  lock-in 
amplifier  to  determine  the  appropriate  bias  voltage  error.  This  error  voltage  from  the 
lock-in  amplifier  is  then  added  to  the  original  bias  voltage  and  is  fed  into  the  bias  voltage 
port  of  the  EOM. 

Only  a  small  portion  of  the  optical  output  of  the  modulator  is  used  for  the  bias 
control  circuitry.  Most  of  the  optical  signal  is  sent  through  the  link  as  the  transmitter 
output. 


4. 1.1. 2  Directly  Modulated  Optical  Transmitter 


The  experimental  set-up  of  the  directly  modulated  optical  transmitter  we 
investigated  is  shown  in  Fig.  4-4.  The  RF  signal  is  applied  directly  to  the  laser  source; 
thus,  the  optical  output  of  the  laser  is  the  transmitter  output.  We  used  the  same  DFB 
laser  for  this  experiment  as  that  for  the  externally  modulated  link. 
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Fig.  4-4.  Block  diagram  of  the  directly  modulated  optical  transmitter. 


We  determined  the  DFB  laser's  threshold  current  to  be  20  mA  and  specifications 
indicate  a  safe  maximum  drive  current  of  80  mA.  Therefore,  we  set  the  bias  current  to  be 
50  mA. 


4.1.2  Optical  Receiver 

As  discussed  in  Chapter  1,  an  optical  receiver  can  either  be  a  coherent  detection 
receiver  or  a  direct  detection  receiver.  This  project  focuses  on  investigating  coherent 
detection  techniques  for  analog  optical  links,  but  to  serve  as  a  benchmark  for  comparison, 
we  also  constructed,  performed  experiments  on,  and  determined  the  link  perfonnance  of 
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direct  detection  links.  In  this  section,  we  describe  these  two  types  of  receivers  and  in  the 
following  sections,  we  compare  their  performances. 

4. 1.2. 1  Coherent  Detection  AM-WIRNA  Receiver 


The  block  diagram  of  the  coherent  detection  AM-WIRNA  receiver  is  shown  in 
Fig.  4-5.  The  incoming  optical  signal  is  combined  with  the  optical  output  of  the  LO  laser 
via  a  3  dB  coupler.  An  external  cavity  tunable  semiconductor  laser  (TSL)  is  used  as  the 
LO  laser.  This  laser  has  a  built-in  optical  isolator  and  a  temperature  controller.  The  TSL 
has  an  output  power  of  600  ^tW,  RIN  of  -148  dB/Hz  and  linewidth  of  20  kHz.  A  manual 
polarization  controller  is  used  to  align  the  polarization  of  the  LO  laser  to  that  of  the 
incoming  optical  signal.  In  a  field  system,  the  polarization  alignment  can  be  handled  using 
polarization-maintaining  fiber,  automatic  polarization  control,  or  a  polarization  diversity 
receiver  [1].  All  these  methods  are  compatible  with  our  system. 


38  dB  Gain  24  dB  Gain 


RF 

Output 

Signal 


Fig.  4-5.  Block  diagram  of  the  coherent  detection  AM-WIRNA  receiver. 
BPF  =  bandpass  filter;  LPF  =  lowpass  filter. 


The  optical  receiver  consists  of  a  single-photodetector  with  a  3  dB  bandwidth 
greater  than  15  GHz,  and  a  38  dB  gain,  1.25  dB  noise  figure  8  to  12  GHz  preamplifier. 
After  the  preamplifier,  the  signal  is  split  into  the  demodulation  path  and  the  automatic 
frequency  control  (AFC)  loop.  The  AFC  loop  maintains  a  fixed  receiver  intermediate 
frequency  (IF)  at  10  GHz.  Without  the  AFC  loop,  thermal  effects  in  the  semiconductor 
lasers  were  observed  to  cause  the  IF  to  drift  by  roughly  2  to  5  GHz/hr.  The  AFC  loop 
consists  of  a  frequency  discriminator  (constructed  from  a  power  splitter,  two  cables  of 
different  lengths,  and  a  mixer)  whose  output  is  fed  into  the  external  frequency  control 
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connector  of  the  LO  laser.  The  zero-crossing  point  of  the  discriminator  is  set  at  the  IF  of 
10  GHz.  For  IFs  larger  than  10  GHz,  the  output  of  the  filter  generates  a  positive  error 
voltage  which  drives  the  LO  laser  to  a  lower  optical  frequency;  IFs  of  less  than  10  GHz 
drive  the  LO  laser  to  a  higher  optical  frequency. 

For  demodulation,  the  signal  passes  through  an  amplifier,  bandpass  filter,  square 
law  detector  and  lowpass  filter.  We  refer  to  the  combination  of  a  bandpass  filter  (BPF), 
square  law  detector  (SLD)  and  lowpass  filter  (LPF)  in  the  receiver  as  the  WIRN  A  (which 
stands  for  Wideband  filter-Rectifier-NArrowband  filter)  structure  [2,  3]. 

4. 1.2.2  Direct  Detection  Receiver 

To  serve  as  a  benchmark  for  comparison  with  the  coherent  AM  link,  we 
constructed  a  direct  detection  link,  shown  in  Fig.  4-6.  The  receiver  employs  the  same 
photodetector  as  used  for  the  coherent  receiver,  and  a  0.5  to  2  GHz  preamplifier  with  a 
38  dB  gain  and  1.25  dB  noise  figure. 
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Fig.  4-6.  Block  diagram  of  the  direct  detection  receiver. 
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Fig.  4-7.  Block  diagram  of  the  two-tone  signal  generator. 


4.1.3  Two-Tone  RF  Input  Signal 

To  measure  the  link  performance  measures  experimentally,  we  generated  a  two- 
tone  RF  input  test  signal  using  two  voltage  controlled  oscillators  (VCO)  running  at  0.9 
GHz  and  1.0  GHz;  the  circuit  diagram  is  shown  in  Fig.  4-7.  To  control  the  amplitudes, 
and,  therefore,  the  modulation  indices  of  the  test  signals,  each  VCO  is  connected  to  a 
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variable  gain  amplifier.  The  signals  are  then  combined  with  a  power  combiner  through 
microwave  isolators  and  applied  to  the  RF  input  port  of  the  EOM.  The  isolators  are 
needed  to  minimize  the  interference  of  the  two  signals.  The  amplitudes  of  the 
fundamental,  the  third  order  IMDs,  and  noise  floor  at  the  link  output  are  then  measured 
using  a  spectrum  analyzer  and  from  this  information,  the  dynamic  range,  link  gain,  and 
noise  figure  are  determined. 

4.2  Direct  Modulation  Versus  External  Modulation 

In  this  section,  we  focus  on  comparing  directly  and  externally  modulated  links  to 
determine  which  would  give  better  performance  for  the  coherent  AM-WIRNA  system. 
The  better  link  would  then  be  used  for  further  investigations  into  the  properties  of 
coherent  AM  links.  Fig.  4-8  contains  the  experimental  measurements  we  obtained  for  the 
SFDR  as  a  function  of  the  received  optical  power  for  the  coherent  AM  link  [4]. 
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Fig.  4-8.  Spurious-free  dynamic  range  versus  the  received  optical  power 
for  the  externally  and  directly  modulated  coherent  AM  link. 


Results  show  that  for  the  device  parameters  and  optical  power  levels  we  used,  the 
externally  modulated  coherent  AM-WlRNA  heterodyne  link  exhibited  a  much  higher 
SFDR  (from  8  dB  up  to  20  dB)  than  the  corresponding  directly  modulated  coherent  AM 
link.  The  reason  for  the  poorer  performance  of  the  directly  modulated  link  is  primarily 
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due  to  the  frequency  chirping  of  the  lasers  and  the  finite  IF  bandwidth  of  the  coherent 
receiver.  Directly  modulating  a  laser  causes  chirping,  which  is  a  change  in  the  output 
frequency  of  the  laser  as  a  function  of  applied  current.  This  results  in  the  widening  of  the 
signal  spectrum;  due  to  the  presence  of  a  finite  IF  bandwidth,  part  of  the  signal  is  cut  off 
and  lost,  resulting  in  both  an  increased  noise  floor  and  a  smaller  output  signal  power. 

Thus,  it  is  fair  to  conclude  that  for  coherent  AM  links,  a  better  dynamic  range  is 
achieved  using  an  external  modulator.  In  the  succeeding  sections,  we  will  focus  on 
investigating  the  performance,  properties  and  behavior  of  coherent  AM  links  using  the 
externally  modulated  transmitter.  The  entire  externally  modulated  coherent  AM  link  is 
shown  in  Fig.  4-9(a),  while  for  comparison,  we  show  the  externally  modulated  direct 
detection  link  in  Fig.  4-9(b). 
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Fig.  4-9(a).  Block  diagram  of  the  externally  modulated  coherent  AM  link. 
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Fig.  4-9(b).  Block  diagram  of  the  externally  modulated  direct  detection  link. 

4.3  Analog  Link  Performance  Measures:  Theoretical  Analysis 

In  this  section,  the  three  most  widely  used  performance  measures  for  analog  links 
are  defined  and  estimates  of  the  theoretical  performance  of  the  coherent  AM  and  direct 
detection  links  shown  in  Fig.  4-9  are  presented.  The  analysis  is  a  continuation  of  that 
started  in  Chapter  3.  This  section  starts  with  a  discussion  of  the  spurious-free  dynamic 
range,  followed  by  the  link  gain,  and  then  the  noise  figure. 

4.3.1  Spurious-Free  Dynamic  Range 

One  of  the  most  crucial  performance  measures  for  an  analog  link  is  the  spurious- 
free  dynamic  range  (SFDR).  It  is  a  measure  of  the  variation  in  the  RF  signal  level  that 
can  be  carried  by  the  link  and  is  defined  as  the  ratio  of  the  maximum  RF  power,  which  is 
limited  by  the  third  order  intermodulation  distortions  (IMD)  produced  by  the 
nonlinearities  in  the  link's  components,  to  the  minimum  power,  which  is  limited  by  the 
receiver  noise  [5,  6]: 


SFDR  = 


RF  Power\,^n=. 


RF  Power\ 


signal^noise 


'signal^noise 


m  is  the  RF  modulation  index.  For  the  links  shown  in  Fig.  4-9,  the  maximum  RF  power  is 
usually  limited  by  the  nonlinearities  of  the  EOM  [5]. 

The  resulting  SFDR  for  the  coherent  AM-WIRNA  heterodyne  link  is  given  by  [7] 
(see  Table  4-1  for  symbol  definitions): 


SFDR^,  =  4 


16 A- + 1677^^^2(45,  -  B, ) 
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where  A  is  the  IF  signal  amplitude,  hcd  is  the  additive  noise  density,  and  G/represents  the 
reduction  in  the  dynamic  range  due  to  phase  noise-to-amplitude  noise  conversion  in  the 
BPF.  These  quantities  are  given  by: 

A  =  Ryl2P,P^  (4.3) 

1  E!^L 

=  +  (4.4) 

_  4  2B,  2  2B,  ^ 

r.  s— tan' — ^  +— tan  ' — '--2  (4.5) 

*  7C  Av  7t  Av  ^  ^ 


Table  4-1.  Definitions  of  Variables 


Ps 

Received  optical  signal  power 

Plo 

Received  optical  local  oscillator  power 

RIN 

Average  RIN  of  the  transmitter  and  LO  lasers 

hth 

Power  spectral  density  of  the  receiver  thermal  noise 

Bi 

IF  bandwidth  for  the  coherent  AM  link 

B2 

Signal  bandwidth  for  the  coherent  AM  link 

Dn 

Combined  linewidth  of  the  transmitter  and  LO  lasers 

R 

Photodiode  responsivity 

Rs 

Receiver  source  impedance  =  50  W 

a 

Conversion  loss  factor  of  the  square  law  detector 

Vp 

Voltage  required  to  achieve  p  optical  shift  in  the 

modulator 

Phase  noise-to-amplitude  noise  conversion  results  from  the  spectral  broadening 
caused  by  the  laser  phase  noise  and  by  the  IF  filtering  in  the  bandpass  filter  [2]. 

The  SFDR  for  the  direct  detection  link  is  [7]: 


SFDRa^ 


=  4 


/^2p2^2/3 


I  VddB  J 


(4.6) 
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where  7]^  is  the  power  spectral  density  of  the  additive  noise  at  the  output  of  the 
photodetector,  given  by 

RIN 

Vm  =  %  +  29/tf’s  +  10  1"  (‘>-V 

and  B  is  the  signal  bandwidth. 

4.3.2  Link  Gain 


The  RF  power  transfer  ratio,  or  link  gain,  G,  of  the  link  is  defined  as  the  ratio 
of  the  RF  power  at  the  link  output,  So  to  the  RF  power  at  the  link  input,  5,  : 


(4.8) 


The  gain  for  the  coherent  AM  optical  link,  and  for  the  direct  detection  link,  G^,  are 
given  by  [8,9]: 


(4.9) 


(4.10) 


where  the  variables  are  defined  in  Table  4-1 . 

4.3.3  Noise  Figure 

Noise  figure  measures  the  degradation  in  the  signal-to-noise  ratio  (SNR)  between 
the  input  and  output  of  a  link  and  is  defined  as: 

F  =  =  (4.11) 

SoINo  GNi 
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where  5/  and  Nj  are  the  input  signal  and  noise  powers;  and  are  the  output  signal 

and  noise  powers;  and  G  is  the  link  gain  discussed  in  the  previous  section.  By  definition, 
the  input  noise  power  is  the  noise  power  from  a  matched  resistor,  Nj  =  kTB ,  where  k  is 

Boltzmann's  constant;  T  is  the  resistor  temperature;  and  B  is  the  signal  bandwidth  [10]. 
The  output  noise  power  can  be  expressed  by: 


No=GNi  +  T]B  (4.12) 

where  hB  is  the  additive  noise  introduced  by  the  link.  Substituting  Nj  =  kTB,  we  can 
express  the  noise  figure  as; 


F  = 


1  + 


GkT 


For  the  coherent  AM  optical  link,  the  noise  figure  is 


cd 


GakT 


(4.13) 


(4.14) 


where  hcd  and  Gcd  are  given  by  (4.4)  and  (4.9),  respectively.  Similarly,  for  the  direct 
detection  optical  link,  the  noise  figure  is 


^dd  =  1  +  ' 


Vdd 

GddkT 


(4.15) 


where  hdd  and  Gdd  are  given  by  (4.7)  and  (4.10),  respectively. 

4.4  Demonstration  of  Phase  Noise  Cancellation 


It  was  mentioned  in  Chapter  1  that  the  phase  noise  of  semiconductor  lasers  can 
cause  substantial  performance  degradation  in  coherent  analog  links.  However,  the  use  of 
WIRNA  processing  in  a  coherent  heterodyne  link  can  be  effective  at  minimizing  the 
impact  of  phase  noise.  In  this  section,  we  demonstrate  phase  noise  cancellation  in  the 
coherent  AM-WIRNA  heterodyne  link. 
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Figs.  4- 10(a),  (b),  (c),  and  (d)  show  the  RF  signal  spectrum  at  three  different 
points  of  the  coherent  AM  link.  Fig.  4-10(a)  shows  the  spectrum  of  the  two-tone  test 
signal  at  the  RP  input  to  the  modulator. 
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Fig.  4-10(a).  Signal  spectmm  of  the  two-tone  signal  at  the  RF  input  to  the  modulator. 
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Fig.  4-1 0(b).  Signal  spectrum  of  the  two-tone  signal  at  the  photodetector  output. 


Fig.  4-1 0(c).  Close-up  of  the  spectrum  of  the  two-tone  signal  at  the  output  of  the 

photodetector. 


Fig.  4-1 0(d).  Signal  spectrum  of  the  two-tone  signal  at  the  output  of  the  AM-WIRNA 

receiver. 

Fig.  4- 10(b)  shows  the  IF  signal  spectrum  at  the  photodetector  output.  Note  the 
IF  of  approximately  10  GHz  with  the  two-tone  signal  present  at  its  sidebands.  Fig.  4- 
1 0(c)  is  an  enlargement  of  the  two-tone  signal,  showing  that  these  signals  have  a  full  width 
at  half  maximum  (FWHM)  of  approximately  20  MHz,  corresponding  to  the  combined 
linewidth  of  the  transmitter  and  LO  lasers.  This  clearly  illustrates  the  spectrum¬ 
broadening  effect  of  laser  phase  noise. 
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Fig.  4- 10(d)  shows  the  spectrum  of  the  signals  (together  with  the  third  order 
IMDs)  at  the  output  of  the  AM-WIRNA  receiver.  The  linewidths  of  both  signal  tones 
are  seen  to  be  extremely  small  and  similar  to  that  of  the  input  signals  shown  in  Fig.  4- 
10(a).  These  figures  illustrate  the  phase  noise  cancellation  in  the  coherent  AM-WIRNA 
link  of  Fig.  4-9(a). 

4.5  Impact  of  System  Parameters 

To  further  investigate  the  usefulness  of  the  coherent  AM-WIRNA  heterodyne 
link  and  understand  its  behavior,  we  study  the  impact  of  the  various  system  parameters 
on  the  link  dynamic  range.  Section  4.5.1  discusses  the  impact  of  the  laser  linewidth  and 
IF  filter  bandwidth,  followed  by  Section  4.5.2  demonstrating  the  impact  of  laser  RIN. 
The  impact  of  the  received  optical  signal  power  is  presented  in  Section  4.5.3,  while 
Section  4.5.4  deals  with  the  effect  of  the  LO  power  on  the  dynamic  range. 


4.5.1  Linewidth  and  the  IF  Bandwidth 

The  SFDR  measurements  as  a  function  of  the  laser  linewidth  using  three  different 
IF  filter  bandwidths  are  shown  in  Fig.  4-11.  To  vary  the  linewidth  beyond  20  MHz,  we 
directly  modulated  the  DFB  laser  with  a  noise  source  so  that  the  spectral  linewidth  was 
broadened  by  laser  chirping  [11].  We  measured  the  laser  relative  intensity  noise  (RIN)  for 
each  case  used.  As  shown  in  Section  4.5.2,  for  the  range  of  RIN  values  in  this  experiment 
(-153  to  -130  dB/Hz),  the  SFDR  is  independent  of  RIN  at  these  power  levels;  this  makes 
linewidth  the  only  important  variable  in  this  section. 

From  Fig.  4-11,  it  is  observed  that  for  IF  bandwidths  of  3  and  4  GHz,  the  SFDR 
is  almost  constant  at  84  dB«Hz2/3  and  82  dB’Hz^/^^  respectively,  for  linewidths  from  10 
to  300  MHz.  For  an  IF  bandwidth  of  2  GHz,  the  SFDR  is  at  least  3  dB  less.  As  the 
linewidth  is  increased  beyond  300  MHz,  all  three  bandwidth  cases  show  a  considerable 
drop  in  the  SFDR,  with  the  2  GHz  case  having  the  most  rapid  decrease,  and  the  4  GHz, 
the  least. 

The  explanation  of  the  foregoing  experimental  results  is  as  follows.  Laser  phase 
noise  (which  is  associated  with  wide  laser  linewidths)  causes  the  received  signal  spectmm 
to  widen.  If  the  IF  filter  cuts  off  part  of  the  signal  spectrum,  this  results  in  phase  noise- 
to-amplitude  noise  conversion  which  causes  a  deterioration  of  the  link  perfonnance.  The 
signals  used  in  this  experiment  are  sinusoids  at  0.9  and  1  GHz;  therefore,  it  is  clear  why 
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the  link  with  an  IF  bandwidth  of  2  GHz  has  the  worst  SFDR  —  for  any  finite  linewidth,  a 
part  of  the  signal  spectrum  will  always  be  rejected  by  the  IF  filter.  As  the  linewidth 
increases,  a  larger  and  larger  part  of  the  signal  power  will  be  rejected  by  the  bandpass 
filter  causing  signal  distortion  and  phase  noise-to-amplitude  noise  conversion,  resulting  in 
a  poorer  SFDR. 


Fig.  4-11.  Experimentally  measured  impact  of  the  laser  linewidth  and  the  IF  bandwidth 
on  the  spurious-free  dynamic  range  of  the  coherent  AM  link  [12], 

For  the  3  and  4  GHz  bandwidth  cases,  when  the  linewidths  are  less  than  300 
MHz,  the  IF  bandwidth  is  much  wider  than  the  signal  spectral  width,  so  that  only  a 
negligible  part  of  the  phase  noise-widened  signal  spectrum  is  cut  off.  This  causes  the  link 
to  be  linewidth-insensitive;  i.e.,  the  SFDR  is  essentially  independent  of  the  laser 
linewidth.  However,  similar  to  the  2  GHz  case,  when  the  linewidth  is  increased  to  the 
point  when  considerable  amount  of  the  signal  power  is  cut  off,  the  SFDR  deteriorates. 
For  both  the  3  and  4  GHz  cases,  this  occurs  for  linewidths  greater  than  300  MHz. 

The  disadvantage  of  a  wider  IF  bandwidth  is  that  it  collects  more  additive  noise, 
which  translates  to  a  higher  noise  floor,  and  therefore,  to  a  lower  SFDR.  This  is 
supported  by  Fig.  4-11:  the  4  GHz  IF  bandwidth  link  has  a  poorer  SFDR  than  the  link 
with  a  3  GHz  IF  bandwidth,  for  linewidths  less  than  300  MHz.  The  choice  of  IF 


bandwidth  is  therefore  very  important:  A  narrow  IF  filter  increases  the  amount  of  phase 
noise-to-amplitude  noise  conversion  while  a  wide  IF  filter  collects  more  additive  noise. 
For  example,  in  Fig.  4-1 1,  when  the  linewidth  is  700  MHz  or  more,  the  link  with  a  4  GHz 
IF  bandwidth  outperforms  the  link  with  a  3  GHz  IF  bandwidth.  This  is  because  there  is 
much  more  phase-to-amplitude  noise  degradation  in  the  3  GHz  case  than  the  4  GHz  case, 
and  for  this  situation,  the  degradation  due  to  phase  noise-to-amplitude  noise  conversion  is 
more  significant  than  the  degradation  caused  by  additive  noise. 

An  important  conclusion  of  this  section  is  that  as  long  as  the  bandpass  filter  is 
designed  to  be  wide  enough  to  pass  the  phase  noise-widened  spectrum  of  the  signal,  the 
coherent  AM-WIRNA  link  is  insensitive  to  laser  linewidth  and  to  any  changes  in  the 
linewidth  that  may  be  brought  about  by  temperature  and  drive  current  fluctuations.  The 
SFDR  can  be  maximized  by  having  the  smallest  possible  IF  bandwidth  that  is  wide 
enough  to  avoid  cutting  off  a  considerable  amount  of  signal  power  while  minimizing  the 
additive  noise  collected. 


Fig.  4-12.  Experimental  results  of  the  impact  of  laser  RIN  on  the  coherent  AM  link. 
The  laser  parameters  are  listed  in  Table  4-2. 


4.5.2  Relative  Intensity  Noise  (RIN) 

To  investigate  the  impact  of  laser  RIN  on  link  perfonnance,  it  is  desirable  to  vary 
the  RIN  of  a  laser  while  holding  other  laser  parameters  (i.e.,  output  power,  linewidth) 
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constant.  However,  a  given  laser  has  an  intrinsic  RIN  at  a  given  output  power  level. 
Therefore,  in  our  measurements,  we  have  synthetically  increased  the  RIN  of  the 
transmitter  DFB  laser  by  inputting  a  noise  source  to  the  RF  input  of  the  EOM  but 
maintaining  the  other  system  parameters  like  received  optical  signal  power  (by  using  a 
variable  attenuator  as  shown  in  Fig.  4-1)  and  linewidth  (by  modulating  the  EOM  instead 
of  the  laser),  constant.  By  varying  the  noise  source's  power  level,  different  RIN  values 
can  be  obtained.  The  corresponding  plot  showing  the  impact  of  the  transmitter  laser 
RIN  on  the  dynamic  range  of  the  coherent  AM  link  is  displayed  in  Fig.  4-12,  and  the 
system  parameters  are  listed  in  Table  4-2. 

Table  4-2.  Laser  Parameters  for  SFDR  vs.  RIN  Measurements 


Transmitter 

Laser  for  both 

links 

LO 

Laser 

Received  Optical 

45!iW 

228  pW 

Power 

Laser 

13  MHz 

43  kHz 

Linewidth 

Note  that  the  coherent  AM  link  is  more  sensitive  to  RIN  than  the  direct  detection 
system.  For  the  direct  detection  system,  the  SFDR  is  almost  constant  for  the  RIN  values 
we  are  considering.  It  is  only  when  RIN  drops  to  -116  dB/Hz  that  a  degradation  is 
observed.  For  coherent  systems,  the  SFDR  remains  unchanged  from  its  value  at  RIN  = 
-152  dB/Hz  only  until  RIN  =  -145  dB/Hz.  Beyond  that,  the  worsening  effect  of  laser 
RIN  on  the  system  performance  is  clear.  This  is  expected  for  a  coherent  system 
employing  a  single  photodetector  receiver  since  RIN  is  approximately  proportional  to  the 
square  of  the  LO  optical  power. 

4.5.3  Received  Signal  Power 

Using  the  variable  optical  attenuator  shown  in  Fig.  4-1,  we  varied  the  received 
optical  signal  power  for  both  coherent  AM  and  direct  detection  links.  The  SFDR 
measurements  of  the  coherent  AM-WIRNA  heterodyne  link  as  a  function  of  the  received 
optical  signal  power  are  shown  in  Fig.  4-13,  and  the  system  parameters  are  listed  in  Table 
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4-3.  The  SFDR  measurements  for  a  similar  externally  modulated  direct  detection  link  are 
also  shown  for  comparison.  The  maximum  received  optical  power  (signal  plus  LO)  at  the 
photodetector  is  limited  largely  due  to  the  optical  modulator  losses,  and  also  by  the 
optical  output  power  of  our  DFB  laser  used  as  the  transmitter  and  the  tunable 
semiconductor  laser  as  the  LO  laser.  However,  these  modest  powers  are  sufficient  for  a 
proof-of-concept  experiment  on  the  merits  of  this  coherent  AM  link. 


Fig.  4-13.  Spurious-free  dynamic  range  versus  received  optical  signal  power  for  the 
coherent  AM  and  direct  detection  links.  The  laser  parameters  are  listed  in  Table  4-3. 


Table  4-3.  Laser  Parameters  for  SFDR  vs.  Received  Signal  Power  Measurements 


Transmitter 

Laser  for  both 

links 

LO 

Laser 

Received  Optical 

Power 

variable 

228  pW 

Laser 

Linewidth 

7.9  MHz 

19.2  kHz 

Laser 

RIN 

-153.8  dB/Hz 

-148.7  dB/Hz 
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Fig.  4-13  also  contains  theoretical  SFDR  estimates  obtained  using  Eqs.  (4.2)  and 
(4.6);  the  estimates  take  into  account  the  RIN  of  both  lasers,  the  receiver  amplifier  noise, 
the  laser  linewidths,  and  the  finite  optical  power  of  the  LO  laser. 

Fig.  4-13  shows  that  the  coherent  AM  link  has  a  higher  SFDR  (by  up  to  10  dB) 
than  the  corresponding  direct  detection  link  when  the  received  optical  signal  power  is  less 
than  85  |xW.  This  is  because  the  direct  detection  link  is  thermal  noise-limited  at  these 
power  levels  while  the  coherent  AM  link  is  closer  to  being  shot  noise-limited.  As  the 
received  optical  signal  power  increases  beyond  85  |iW,  both  types  of  receivers  approach 
the  shot  noise-limited  regime.  In  this  case,  the  direct  detection  link  has  a  higher  dynamic 
range  than  the  coherent  AM  link  [7].  This  is  shown  by  the  theoretical  curves  in  Fig.  4-13. 
This  cross-over  optical  power  point  between  the  coherent  AM  and  direct  detection  links 
can  be  increased  using  an  LO  laser  with  a  higher  output  power  (we  are  currently  limited  to 
an  optical  LO  power  at  the  photodetector  of  228  |iW  by  our  tunable  laser). 

Table  4-4.  SFDR  penalty  due  to  the  SLD  imperfections. 


Received  Optical  Signal 
Power,  (|XW) 

SFDR  penalty  due  to  SLD 
(dB) 

50.0 

0.5 

27.5 

1.1 

17.6 

1.5 

10.0 

2.3 

6.2 

3.0 

3.9 

3.8 

Fig.  4-13  shows  that  the  measurements  agree  very  well  with  theory  for  the  direct 
detection  case,  with  a  difference  of  only  1  dB.  The  experimental  data  for  the  coherent 
AM  link  differs  from  the  theory  by  2  to  4  dB.  This  is  attributed  partially  to  optical 
connector  losses  in  the  receiver  (up  to  1  dB)  and  fluctuations  and  instabilities  in  the 
output  of  the  LO  laser  (a  penalty  of  about  1  dB).  The  latter  is  due  to  polarization 
changes  and  tuning  required  to  maintain  the  IF  at  10  GHz.  However,  the  main  reason  for 
the  difference  is  the  third  order  distortion  introduced  by  the  square  law  detector  (SLD)  at 
the  link  output.  The  SLD  introduces  third  order  distortion  in  the  output  signal  resulting 
in  a  lower  SFDR  than  that  predicted  by  theory.  By  varying  the  input  RF  power  into  the 
SLD  (so  that  only  the  nonlinearities  produced  by  the  SLD,  as  the  RF  input  to  it  changes, 
can  be  studied),  we  verified  that  the  additional  distortion  is  caused  mainly  by  the  SLD. 


Since  the  RF  input  power  to  the  SLD  changes  as  the  received  optical  signal  power 
changes,  third  order  nonlinearities  produced  by  the  SLD  affect  the  measured  link  SFDR. 
Table  4-4  on  the  previous  page  shows  the  additional  SFDR  penalty  due  to  the  SLD  as  a 
fimction  of  the  received  optical  signal  power  that  corresponds  to  the  RF  power  we  input 
to  the  SLD.  Inspection  of  Table  4-4  reveals  that  the  SFDR  penalty  due  to  the  SLD 
corresponds  to  most  of  the  discrepancy  between  the  theoretical  and  experimental  results. 


Amplitude 


RF 

Output 

Signal 


Fig.  4-14.  Set-up  used  for  the  measurement  of  the  system  performance  of  the 
coherent  AM  link  using  Nd:YAG  lasers. 


4.5.4.  Laser  Local  Oscillator  (LO)  power 

The  dynamic  range  of  the  coherent  AM  link  shown  in  Fig.  4-9(a)  is  limited  by  the 
low  output  power  of  the  DFB  and  TSL  lasers  used.  Since  high  power  semiconductor 
lasers  are  currently  being  developed,  we  decided  to  investigate  what  dynamic  range  could 
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be  achieved  with  higher  received  optical  signal  and  LO  powers.  For  these  measurements 
we  replaced  the  DFB  and  TSL  lasers  with  high  power  NdrYAG  lasers. 

The  measurement  set-up  we  used  for  this  experiment  is  shown  in  Fig.  4-14. 
Optical  attenuators  are  used  to  vary  the  received  optical  signal  and  LO  powers  for  the 
SFDR  measurements.  An  AFC  loop  is  not  necessary  for  this  case  since  the  NdrYAG 
lasers  have  very  stable  output  optical  frequencies. 

Fig.  4-15  shows  experimentally  measured  SFDR  of  the  coherent  AM  link  as  a 
function  of  the  received  optical  signal  power  for  LO  powers  ranging  from  100  |iW  to  1 
mW.  The  maximum  total  received  optical  power  is  currently  limited  by  the 
photodetector  we  have.  Results  indicate  that  a  10  dB  increase  in  the  LO  power,  from  100 
pW  to  1  mW  corresponded  to  a  10  dB  or  more  increase  in  the  SFDR.  Through  these 
measurements,  we  have  also  shown  that  a  coherent  AM  link  using  high  power  lasers  is 
capable  of  achieving  a  dynamic  range  of  101  dB-Hz^/^.  We  are  confident  that  we  could 
get  an  even  higher  SFDR  with  increased  optical  power  for  both  transmitter  and  LO  lasers, 
but  we  are  currently  limited  to  a  total  received  optical  power  of  1  mW  by  the  saturation 
of  the  photodetector  and  RF  pre-amplifier  we  were  using. 


SFDR 
in  1  Hz 
Bandwidth, 
dB*Hz2/3 


Received  Optical  Signal  Power,  jxW 

Fig.  4-15.  Spurious-free  dynamic  range  versus  received  optical  signal  power 
for  different  local  oscillator  powers.  RIN  of  both  lasers  =  -164  dB/Hz. 
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4.6  Link  Gain  and  Noise  Figure  [12] 


We  investigated  the  gain  and  noise  figure  of  the  coherent  AM  and  direct  detection 
links  shown  in  Figs.  4-9(a)  and  4-9(b),  respectively,  by  measuring  the  output  signal  and 
noise  power  for  a  +15  dBm  input  signal.  Since  we  are  interested  in  the  performance  of 
the  optical  link,  we  did  not  take  into  account  the  effect  of  any  link  pre-  and  post¬ 
amplifiers.  The  total  link  gain  and  noise  figure  can,  of  course,  be  greatly  improved  by 
using  low-noise  amplifiers  before  the  link,  and  high-gain  amplifiers  after  the  link  [8, 
Chapter  6  of  this  report]. 

The  dependence  of  the  gain  and  noise  figure  on  the  laser  linewidth,  IF  bandwidth, 
and  RIN  is  similar  to  the  dynamic  range  results;  hence,  we  do  not  provide  separate  plots 
for  these  parameters.  It  is,  however,  important  to  detennine  how  the  gain  and  noise  figure 
change  with  the  received  optical  signal  power  since  this  knowledge  provides  us  with 
typical  values  of  both  optical  links'  gain  and  noise  figure. 

Table  4-5.  Laser  Parameters  for  the  Link  Gain  and  Noise  Figure  vs.  Received  Signal 

Power  Measurements 


Transmitter 

Laser  for  both 

links 

LO 

Laser 

Received  Optical 

Power 

variable 

228  pW 

Laser 

Linewidth 

7.9  MHz 

19.2  kHz 

Laser 

RIN 

-153.8  dB/Hz 

-148.7  dB/Hz 

The  experimental  measurements  and  theoretical  values  of  the  link  gain  and  noise 
figure  of  the  coherent  AM-WIRNA  heterodyne  and  direct  detection  links  as  a  function  of 
the  received  optical  signal  power  are  shown  in  Fig.  4-16(a)  and  Fig.  4-16(b),  respectively, 
and  the  laser  parameters  for  these  measurements  are  listed  in  Table  4-5.  For  most  cases, 
the  experimental  values  agree  well  with  the  theoretical  results.  Because  optical  links  tend 
to  have  very  low  gain  (in  this  case,  negative  gain),  their  noise  figures  are  fairly  high;  this  is 
clearly  seen  from  Eq.  (4.13).  Fig.  4-16(b)  shows  that  the  noise  figure  for  the  coherent  link 
is  always  greater  than  that  for  the  direct  detection  link.  This  is  primarily  due  to  the  fact 
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that  the  gain  of  the  coherent  AM  link  is  much  smaller  than  that  of  the  direct  detection  link 
because  of  the  conversion  loss  encountered  in  the  square  law  detector. 


Fig.  4-1 6(a).  Link  gain  versus  received  optical  signal  power  for  the  coherent  AM  and 
direct  detection  links.  The  laser  parameters  are  listed  in  Table  4-5. 


Fig.  4-1 6(b).  Noise  figure  versus  received  optical  signal  power  for  the  coherent  AM  and 
direct  detection  links.  The  laser  parameters  are  listed  in  Table  4-5. 
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Fig.  4- 16(a)  shows  that  for  received  optical  signal  power  Ps  greater  than  4  |iW,  the 
gain  of  the  direct  detection  link  is  greater  than  that  of  the  coherent  AM  link.  This  is 
because  the  gain  is  proportional  to  the  square  of  the  received  optical  signal  power  Pg  for 
the  direct  detection  case  while  for  the  coherent  AM  link,  the  gain  is  proportional  to  Pg 
only.  For  direct  detection,  the  experimental  values  agree  very  well  with  the  theoretical 
results.  For  the  coherent  AM  link,  there  is  up  to  a  5  dB  difference  between  the 
theoretical  and  experimental  results  for  Pg  less  than  4  pW.  This  discrepancy  is  primarily 
due  to  the  variations  in  the  conversion  efficiency  of  the  square  law  detector  for  different 
RF  powers,  especially  for  very  low  levels  (similar  to  that  discussed  in  Section  4.5.3). 
The  difference  between  the  theoretical  and  experimental  results  may  also  be  due  to  the 
instabilities  and  fluctuations  in  the  LO  laser  (a  penalty  of  about  1  dB,  as  discussed  in 
Section  4.5.3).  Also,  at  low  power  levels  the  output  becomes  very  noisy,  making  it  very 
difficult  to  make  accurate  measurements. 

4.7  Link  Loss  Measurements:  Coherent  Versus  Direct  Detection 

In  this  section,  we  present  measurements  of  the  SFDR  against  link  loss.  Link  loss 
can  easily  be  converted  into  the  number  of  destinations  or  splits  for  distribution  systems 
and  into  transmission  distance  for  point-to-point  links.  So,  if  one  wants  to  build  a 
system  with  a  prescribed  number  of  splits  or  transmission  distance,  the  plot  of  SFDR 
versus  link  loss  shows  the  best  configuration. 

Let  us  compare  the  SFDR  versus  link  loss  performance  of  the  coherent  AM- 
WIRNA  heterodyne  and  direct  detection  links  shown  in  Figs.  4-9(a)  and  4-9(b), 
respectively;  the  experimental  measurements  are  presented  in  Fig.  4-17. 

Inspection  of  Fig.  4-17  shows  that  for  low  loss  links  (less  than  5  dB  link  loss),  the 
direct  detection  link  gives  the  better  dynamic  range  since  it  is  shot  noise-limited  at  this 
region.  For  link  loss  less  than  7  dB,  the  coherent  AM-WIRNA  heterodyne  link  is  RIN- 
limited  as  evidenced  by  the  flat  curve.  The  impact  of  RIN  is  very  pronounced  for  a 
single-photodetector  coherent  receiver.  This  penalty  causes  the  coherent  AM  link  to 
have  a  lower  SFDR. 

For  link  loss  greater  than  7  dB,  the  coherent  AM  link  outperforms  the  direct 
detection  link,  because  in  this  region,  the  coherent  AM  link  has  a  better  receiver 
sensitivity  due  to  the  presence  of  a  LO  laser.  The  coherent  AM  link  is  now  shot  noise- 
limited  while  the  direct  detection  link  is  thermal  noise-limited.  Thus,  this  section  shows 
that  coherent  AM  links  are  good  for  lossy  links. 
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Link  loss,  dB 


Fig.  4-17.  Spurious-free  dynamic  range  vs.  the  link  loss  for  the  direct  detection  and 
coherent  AM  links.  PlO  =  0-5  mW,  transmitter  laser  power  =  Ptr  =  2  mW. 

With  the  development  of  optical  amplifiers,  the  performance  of  both  coherent 
AM  and  direct  detection  links  are  expected  to  improve,  enabling  both  to  handle  higher  link 
losses.  This  will  be  the  topic  of  the  next  chapter. 
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Appendix.  List  of  Devices  Used 


Dgscriptipn  Vendor  Model  No 


Optical  Attenuator 

JDS  Fitel 

MV471U-OOFAOOFA) 

Angled  Optical  Connectors 

Wave  Optics 

FC/A&PC 

Transmitter  DFB  Laser 

Fujitsu  Electronics 

FLD150F2KP 

External  Amplitude  Modulator 

Ramar  Corp. 

402-IM15-5 

Manual  Polarization  Controllers 

BT&D 

MPCIOOO 

10/90  Optical  coupler 

Gould  Fiber  Optics 

1550-COS- 10/90-02x02 

1  GHz  Photodetector 

Fujitsu  Electronics 

FID13Z81PZ 

Lock-in  Amplifier 

Stanford  Research  Syst. 

SR830  DSP 

Tunable  Semiconductor  Laser 

Santee 

TSL-600-1550 

3  dB  Optical  Coupler 

Gould  Fiber  Optics 

Gould  1550-COS-50/50-02x02 

Photodetector 

Lasertron 

QDEMW 1-002 

8  to  12  GHz  Preamplifier 

Miteq 

AMF-4S-080120-15 

Mixer  for  AFC  loop 

Avantek 

DBX184L 

8  to  12  GHz  Amplifier 

Miteq 

AFS4-08001200-40-23P-4 

Bandpass  filter 

Lark  Eng'g 

3B10000-4000-8AA 

Square  Law  Detector 

Miteq 

MX2J 130260 

Lowpass  Filter 

Lark  Eng'g 

LSM  2000- lOAA 

0.5  to  2  GHz  Preamplifier 

Miteq 

AFS3-00500200- 15-1  OP-4 

0.9  and  1  GHz  Voltage  Controlled 
Oscillators 

Avantek 

VTO-8090 

Variable  Gain  Amplifier 
used  for  two-tone  signal 

Hewlett-Packard 

HP8347A 

Power  Combiner 

M/A  Com 

DMS  285 

0.5  to  2  GHz  Microwave  Isolators 

Trak  Microwave 

60A1101 
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Chapter  Five _ 

Optically  Amplified  Links 


Optical  amplifiers  (OAs)  can  be  used  to  improve  the  link  performance  by 
boosting  the  intensity  of  an  optical  signal.  They  can  serve  several  purposes  in  the  design 
of  fiber-optic  communication  systems:  for  example,  as  in-line  amplifiers,  boosters  of 
transmitter  power,  preamplifiers  to  the  receiver,  and  compensators  of  distribution  losses 
in  broadcast  networks.  However,  like  any  conventional  electronic  amplifier,  OAs  add 
noise  to  the  amplified  signal.  Although  erbium-doped  fiber  amplifiers  (EDFAs)  degrade 
system  performance  by  generating  amplified  spontaneous  emission  (ASE)  noise,  they 
lengthen  the  transmission  distance  of  point-to-point  links  and  increase  the  potential 
number  of  destinations  in  a  distribution  system. 

Previous  work  concentrated  on  the  use  of  optical  amplifiers  in  digital  systems  [1] 
and  in  direct  detection  (DD)  analog  links  [2].  In  this  project,  we  investigated  the  impact 
of  OAs  on  a  coherent  AM  analog  optical  link.  The  use  of  both  optical  amplifier  and 
coherent  detection  technologies  in  one  link  can  offer  a  number  of  attractive  features.  The 
wavelength  selectivity  of  coherent  detection  techniques  allows  more  efficient  use  of  the 
optical  amplifier  bandwidth  and  the  excellent  selectivity  of  the  intermediate  frequency 
(IF)  filter  offers  improved  rejection  of  optical  noise  over  that  of  an  optical  filter. 

This  chapter  is  organized  as  follows:  Section  5.1  contains  a  comparison  between 
the  semiconductor  optical  amplifier  (SOA)  and  the  erbium-doped  fiber  amplifier  (EDFA). 
Section  5.2  contains  the  theoretical  analyses  of  the  performance  of  the  links  with  optical 
amplifiers  followed  by  Section  5.3  describing  our  experimental  results  showing  the 
dependence  of  the  SFDR  on  the  received  optical  signal  power.  Finally,  Section  5.4 
contains  the  dynamic  range  versus  link  loss  measurements  for  both  coherent  and  direct 
detection  links.. 

5.1  Semiconductor  Optical  Amplifiers  Versus  Erbium-Doped  Fiber 
Amplifiers 

There  are  basically  two  practical  approaches  to  making  optical  amplifiers:  laser- 
diode  amplifiers/semiconductor  optical  amplifiers  (SOA)  and  doped-fiber  amplifiers  [3]. 
For  the  latter,  fibers  doped  with  erbium  —  the  erbium-doped  fiber  amplifier  (EDFA)  — 
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has  been  the  most  successful.  In  this  section,  we  characterize  and  compare  these  two 
types  of  optical  amplifiers. 

5.1.1  SOA  Characterization  Results 

The  SOA  we  used  for  our  experiments  is  a  BT&D  SOA3 100- 1550,  operating  in 
the  1550  ran  range  of  wavelengths.  The  SOA  uses  the  same  basic  construction  as  the 
conventional  Fabry-Perot  semiconductor  laser.  The  SOA  devices  are  based  on  a  500  pm 
long  buried  heterostructure  device  made  by  the  MOVPE  process.  The  chip  is  anti¬ 
reflection  coated  on  both  facets  with  a  residual  reflectivity  of  less  than  0.5%.  It  is  this 
reduction  in  the  facet  reflectivity  from  its  uncoated  reflectivity  which  produces  a  near 
traveling  wave  amplifier  [4]. 

The  following  set  of  figures  shows  the  characteristics  of  the  SOA.  Fig.  5-1  shows 
the  noise  spectra  of  the  SOA,  with  the  optical  signal  center  wavelength  of  1532  nm  and  a 
3  dB  bandwidth  of  47.2  nm.  More  detailed  views  of  the  noise  spectrum  for  various  SOA 
bias  currents,  with  1  dB/div  in  the  vertical  axis,  are  shown  by  the  series  of  spectra  in  Fig. 
5-2.  These  figures  show  that  the  SOA  amplifier  gain  exhibits  ripples,  demonstrating  the 
effects  of  residual  facet  reflectivities.  Later,  we  will  show  that  because  of  these  ripples, 
the  SOA  interacts  with  the  signal  generating  IMDs. 

Fig.  5-3(a)  shows  the  output  optical  power  versus  the  input  optical  power  of  the 
SOA  with  various  SOA  bias  currents,  with  Fig.  5-3b  showing  the  corresponding  gain 
versus  input  optical  power  curves.  The  latter  demonstrates  the  gain  saturation  effect. 
The  measured  gain  values  are  lower  than  specified  since  the  wavelength  we  used  was  that 
of  our  transmitter  laser  at  1545  nm,  where  the  gain  is  about  2  dB  lower  than  at  the 
peak/center  wavelength,  as  shown  in  Fig.  5-1. 

To  measure  the  noise  figure  of  the  optical  amplifier  for  a  given  optical  input 
power  Pin,  we  characterized  the  SOA  using  the  HP  Lightwave  Signal  Analyzer.  The 
amplifier  noise  figure  can  be  calculated  as  follows; 

where  RINi„  is  RIN  measured  at  the  amplifier  input  and  RINgut  is  the  RIN  measured  at 
the  amplifier  output.  Measurements  reveal  the  noise  figure  of  the  SOA  to  be  1 1 .7  dB. 
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Fluorescence  spectra  showing  its  3  dB  bandwidth 


A154213 


Input  Power  to  the  SO  A,  |xW 

Fig.  5-3(b).  Gain  vs.  input  optical  power  characteristic  of  the  SOA  used  in  our 

experiments. 
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5.1.2  EDFA  Characterization  Results 


The  EDFA  we  used  in  our  experiments  is  a  Furukawa  Electric  ErFAlOSO.  Fig.  5- 
4  shows  the  EDFA  configuration.  The  erbium-doped  fiber  is  pumped  in  a  backward 
pumping  configuration  by  a  1480  nm  high  power  semiconductor  laser  via  a  WDM 
coupler.  In-line  isolators  are  located  in  the  input  and  output  ports  of  the  amplifier  to 
suppress  optical  feedback  and  reduce  system  noise. 


Amplifier  _ 
Input 


Erbium-Doped 

Fiber 

WDM 

J  Coupler  1 

ra. 

tLT 

Optica 

Optical 

Isolator 


Isolator 


Amplifier 

Output 


Fig.  5-4.  Configuration  of  the  erbium-doped  fiber  amplifier  used  in  the  experiments. 


Fig.  5-5  shows  the  noise  spectra  of  this  EDFA,  with  the  optical  signal  center 
wavelength  of  1552  nm  (disregarding  the  peak  at  1532  nm)  and  a  3  dB  bandwidth  of  about 
35  nm. 

Fig.  5-6(a)  shows  the  output  optical  power  versus  the  input  optical  power  of  the 
EDFA  with  various  pump  laser  currents,  with  Fig.  5-6(b)  showing  the  corresponding  gain 
versus  input  optical  power  curves.  The  latter  demonstrates  the  gain  saturation  effect. 

Using  the  same  method  as  described  in  the  previous  section,  the  noise  figure  of  the 
EDFA  was  determined  to  be  10  dB. 


5.1.3  Comparison  between  their  characteristics 

From  the  results  of  the  two  previous  sections  and  also  from  our  observations 
during  experiments,  we  summarize  the  characteristics  of  these  two  optical  amplifiers  in 
Table  5-1. 


84 


85 


Fluorescence  spectra 
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Fig.  5-6(a).  Output  versus  input  optical  power  characteristic  of  the  EDFA 

shown  in  Fig.  5-4. 
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Fig.  5-6(b).  Gain  vs.  input  optical  power  characteristic  of  the  EDFA  shown  in  Fig.  5-4. 
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Table  5-1.  Comparison  Between  an  SOA  and  an  EDFA. 


Semiconductor 

Optical 

Amplifier 

Erbium-Doped 

Fiber 

Amplifier 

3  dB  Bandwidth,  nm 

47.2 

35 

Saturation  Output  Power,  mW 

4 

14 

Maximum  Gain,  dB 

9 

35 

Noise  Figure,  dB 

11.7 

10 

Polarization  Sensitivity 

4.5  dB  difference 

between  TE  and 

TM  modes 

insensitive 

Facet  Reflectivity  Problem 

Critical 

None 

Resonance  Peak 

None 

Present  at  1532  nm 

Coupling  Losses 

IrffiSIBSS! 

Temperature  Sensitivity 

Requires  a 

temperature 

controller 

Insensitive 

(except  the  pump 
laser) 

Wavelength  Ranges 

800,  1300,  1550  nm 

1550  nm 

1300  nm  (?) 

Intregratability 

Possible 

Difficult 

Table  5-1  can  explain  why  at  present,  EDFAs  are  more  attractive:  due  to  their 
higher  output  power,  larger  gain,  lower  noise  figure,  polarization  and  temperature- 
insensitivity,  and  lower  or  negligible  coupling  losses.  SO  As  are  still  under  consideration 
and  in  the  future,  the  interest  may  switch  from  EDFAs  to  SOAs,  especially  since 
researchers  are  working  at  reducing  the  facet  reflectivities  and  at  obtaining  higher  output 
powers  and  gain.  SOAs  also  have  the  potential  to  be  integrated  with  other  optical  and 
electrical  devices,  and  they  easily  work  with  various  wavelength  ranges. 
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Fig.  5-7.  The  block  diagram  of  an  externally  modulated  coherent  AM  link  using  an 

optical  amplifier. 


5.1.4  Link  Performance  Comparison:  Experimental  Results 

The  experimental  set-up  used  to  compare  the  performance  between  an  SOA  and 
an  EDFA  in  a  coherent  AM  link  is  shown  in  Fig.  5-7.  For  one  set  of  measurements  we 
used  the  SOA  in  the  link,  and  for  another  set  we  used  the  EDFA.  The  SFDR  of  these 
two  links  as  a  function  of  the  received  optical  signal  power  is  shown  in  Fig.  5-8. 

Results  show  that  the  link  using  the  EDFA  exhibited  a  higher  SFDR  (by  up  to  5 
dB)  than  the  corresponding  coherent  AM  link  using  the  SOA.  The  reason  for  the  poorer 
performance  for  the  SOA  link  is  primarily  due  to  ripples  in  the  SOA  spectra,  caused  by 
the  residual  facet  reflectivities.  Because  of  these  ripples,  the  nonlinear  gain  response  of 
the  SOA  interacts  with  the  signal,  generating  its  own  IMDs  and  thus,  giving  a  worse 
SFDR  than  the  EDFA  link. 

It  is  fair  to  conclude  that  for  coherent  AM  links,  a  better  dynamic  range  is 
achieved  using  an  EDFA.  Work  is  still  needed  to  reduce  the  facet  reflectivities  of  SOAs. 
In  the  succeeding  sections,  we  will  focus  on  investigating  the  performance,  properties  and 
behavior  of  coherent  AM  links  using  an  EDFA.  We  begin  with  Section  5.2  giving  a 
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theoretical  overview  of  the  impact  of  optical  amplifiers  on  coherent  links  and  comparing 
the  results  with  direct  detection  links. 
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Fig.  5-8.  Spurious-free  dynamic  range  vs.  receiver  optical  power 
for  the  coherent  AM  link  with  an  SOA  and  an  EDFA. 


5.2  Theoretical  Analysis 

An  optical  amplifier  is  added  to  a  coherent  AM  link  to  form  an  externally 
modulated  optically  amplified  coherent  AM  link  shown  in  Fig.  5-9.  The  received  optical 
signal  is  amplified  directly  before  mixing  with  the  local  oscillator  laser  (LO)  output  field. 
The  IF  filter  removes  excess  ASE  noise  before  the  square  law  detector.  The  definitions  of 
the  mathematical  symbols  used  in  this  analysis  are  listed  in  Table  5-2.  The  output  SNR 
of  the  link  is  given  by: 


SNR  = 


4m^R^G^P:Pl 

SR^GP^Pu,t]B  +  -  B) 


where 


T]=n„+  2qR{GP,  +  +  4^'G(G  -  DP^^nhy. 
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Signal  bandwidth 


=  30  nm.  Optical  bandwidth 


=  2B,  Electrical  IF  bandwidth 


=  15  dB,  Optical  gain  _ 


=  1. 28x10-19  J,  Photon  energy 


Modulation  index 


=  1 ,  Spontaneous  emission  factor 


=  330  pA^/Hz,  Thermal  noise 


Received  optical  power 


=  10  dBm,  Local  oscillator  power  _ 


=  1.602x10-19  C,  Electronic  charge 


=  1.25  AAV,  Responsivity  of  the  photodetector 


Laser  relative  intensity  noise  (dB/Hz 


The  last  term  in  Eq.  (5.3)  represents  the  LO-ASE  beat  noise.  An  advantage  of  coherent 
detection  with  amplification  is  that  the  LO  power  is,  in  general,  sufficient  to  ensure  that 
the  receiver  is  truly  LO-ASE  beat  noise-limited,  without  recourse  to  a  narrow-band 
optical  filter  to  reduce  ASE-ASE  beat  noise. 

The  SFDR  for  this  link  is  given  by: 
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SFDR  =  4 


4R^G^P]Plo 


SR^GP,P^r]B+7i^B(2B,^-B) 


an 


(5.4) 


In  Fig.  5-10,  the  SFDRs  are  plotted  against  the  received  optical  power  for  this  link 
and  three  other  links;  a  coherent  AM  link  and  direct  detection  links  with  and  without  an 
optical  preamplifier.  The  numerical  values  of  the  system  parameters  are  listed  in  Table  5- 
2.  For  small  received  optical  power  (Ps  <  ImW),  the  amplified  coherent  AM  link 
performs  better  than  the  conventional  direct  detection  link  because  the  gain  of  the  optical 
preamplifier  and  the  strong  LO  power  lead  to  shot  noise-limited  performance  while  the 
conventional  direct  detection  link  is  thermal  noise-limited.  As  the  optical  power 
increases,  the  conventional  link  approaches  the  shot  noise  limit.  In  this  regime,  the 
conventional  link  performs  better  because  the  amplifier  coherent  link  has  a  worse  receiver 
sensitivity  (due  to  the  ASE  noise  of  the  optical  amplifier  and  due  to  the  extra  processing 
of  the  coherent  detection  technique).  The  shot  noise-limited  SFDR  for  these  links  are 
listed  in  Table  5-3. 


Fig.  5-10.  Spurious-free  dynamic  range  vs.  receiver  optical  power  for  the  direct  detection 
and  coherent  AM  links  with  and  without  an  optical  preamplifier. 
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Table  5-3.  Shot  noise-limited  and  RIN-limited  spurious-free  dynamic  ranges  for  the 
direct  detection  and  coherent  AM  links  with  and  without  an  optical  amplifier. 


Shot  noise-limited  SFDR 
(dB-Hz2/3) 

RIN-limited  SFDR 
(dB-Hz2/3) 

Direct  detection  link 

4 

RP.' 
1  2? 

J/3 

4 

{RIN)‘'‘ 

Amplified  direct  detection  link 

4 

(rp.' 

[  -»¥  j 

2/3 

4 

{RINY” 

Coherent  AM  link 

4 

2/3 

4 

4?  J 

(4S/W)’”’ 

Amplified  coherent  AM  link 

4 

2/3 

4 

«?  J 

(ARINy^ 

Fig.  5-11.  Spurious-free  dynamic  range  vs.  RIN  for  the  direct  detection 
and  coherent  AM  links  with  and  without  an  optical  amplifier. 


Because  an  optical  amplifier  adds  ASE  noise  to  the  signal,  the  perfonnance  of  the 
amplified  coherent  link  is  degraded  as  compared  to  the  coherent  link.  The  minimum  noise 
figure  for  an  ideal  amplifier  is  3  dB  (corresponds  to  risp  =  1).  The  3  dB  noise  figure  stems 
from  the  fact  that  not  only  the  real  ASE  spectrum  but  also  the  image  ASE  spectrum  is 
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down-converted  by  the  LO  and  folded  into  the  IF  band.  It  is  possible,  in  principle,  to 
eliminate  the  image  LO-ASE  beat  noise  using  of  optical  filtering  or  image-rejection 
techniques;  then,  the  amplified  coherent  link  should  achieve  the  same  shot  noise-limited 
SFDR  as  the  coherent  link  and  amplified  direct  detection  link. 

The  relative  intensity  noise  (RIN)  can  degrade  the  performance  of  all  four  links. 
In  Fig.  5-11,  the  SFDRs  are  plotted  against  the  RIN.  It  can  be  seen  that  all  links  behave 
similarly.  For  the  amplified  coherent  link,  when  RIN  starts  to  dominate  the  system  noise 
(RIN  worse  than  -150  dB/Hz),  the  link's  performance  approaches  that  of  the  unamplified 
coherent  AM  link.  Comparing  with  the  direct  detection  links,  RIN  starts  to  affect  the 
system's  performance  of  the  coherent  links  at  a  lower  RIN  level.  The  RIN-limited  SFDR 
of  coherent  links  is  4  dB  worse  than  that  of  direct  detection  links;  this  penalty  is  due  to 
the  squaring  operation  in  the  coherent  AM  receiver.  The  performance  of  the  coherent 
AM  receivers  would  be  degraded  further  if  a  single  photodetector  receiver  were  used 
instead  of  the  balanced  receiver  shown  in  Fig.  5-9. 

5.3  Experimental  Results:  Impact  of  Received  Optical  Power 

This  section  deals  with  the  performance  of  four  experimental  optical  links  we 
constructed;  (a)  a  conventional  direct  detection  link,  (b)  an  amplified  direct  detection  link, 
(c)  a  coherent  AM  link,  and  (d)  an  amplified  coherent  AM  link.  The  block  diagrams  of 
the  experimental  externally  modulated  direct  detection  and  coherent  AM  links  which  we 
constructed  and  investigated  are  shown  in  Fig.  5-12.  Similar  to  the  previous  theoretical 
section,  we  investigated  four  analog  links:  (a)  a  direct  detection  link  without  any  optical 
amplifiers,  Fig.  5-12(a);  (b)  a  direct  detection  link  with  an  optical  amplifier.  Fig.  5-12(a); 
(c)  a  coherent  link  without  any  optical  amplifiers.  Fig.  5-12(b);  and  (d)  a  coherent  link 
with  an  optical  amplifier.  Fig.  5- 12(b). 

Using  the  variable  optical  attenuator  shown  in  Fig.  5-12,  we  varied  the  received 
optical  power  for  the  coherent  and  direct  detection  links.  The  SFDR  measurements  of  (a) 
direct  detection,  (b)  optically  amplified  direct  detection,  (c)  coherent  detection,  and  (d) 
optically  amplified  coherent  detection  analog  optical  links,  are  shown  in  Fig.  5-13. 

Fig.  5-13  shows  that  the  optically  amplified  direct  detection  link  and  coherent 
links  (with  and  without  an  optical  amplifier)  have  a  higher  SFDR,  by  up  to  4  dB,  7  dB, 
and  9  dB,  respectively,  than  the  corresponding  direct  detection  link,  when  the  received 
optical  power  is  less  than  10  mW.  This  is  because  the  direct  detection  link  is  thermal 
noise-limited  at  these  power  levels  while  both  coherent  links  are  closer  to  being  shot 
noise-limited.  As  the  received  optical  power  increases  beyond  10  mW,  the  direct 
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detection  link  is  not  in  the  thennal  noise-limited  regime  anymore  and  gives  a  higher 
dynamic  range  than  both  coherent  links.  The  direct  detection  link  gives  the  best 
performance  as  the  received  optical  power  increases  beyond  80  mW.  This  is  expected  as 
the  links  approach  shot  noise-limited  operation. 

Both  coherent  links  have  similar  behavior  for  the  range  of  received  optical  power 
values  examined,  with  the  optically  amplified  coherent  AM  link  having  a  1  to  2  dB  lower 
SFDR  due  to  the  large  noise  figure  of  the  optical  amplifier.  As  shown  in  Eq.  (5.3),  this 
penalty  results  from  the  ASE  noise  generated  by  the  amplifier.  As  the  received  optical 
power  increases  beyond  10  mW,  the  SFDR  of  the  coherent  links  starts  to  saturate, 
mostly  due  to  the  RIN  of  the  lasers. 


Amplitude 
Polarization  Modulator 
1  Controller 


Erbium-Doped 
Fiber  Amplifier 
IS  dB  Gain 
lOdBNF 


RF  Amplifier 
38  dB  Gain 
1.25  dB  NF 


Spectrum 

Analyzer 


Fig.  5-12(a).  The  block  diagram  of  the  experimental  externally  modulated 
optical  amplified  direct  detection  link. 


Erbium- Doped 


Fig.  5-1 2(b).  The  block  diagram  of  the  experimental  externally  modulated 
optically  amplified  coherent  AM  link. 


For  very  small  received  optical  powers,  the  optically  amplified  direct  detection 
link  has  a  lower  SFDR  than  both  coherent  links.  However,  as  the  optical  power  increases 
to  about  10  mW,  the  optically  amplified  direct  detection  link  outperforms  the  coherent 
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links  and  gives  the  best  SFDR  out  of  the  four  links.  Beyond  100  mW,  the  direct  detection 
link  has  the  best  performance. 


Received  Optical  Power,  pW 

Fig.  5-13.  Spurious-free  dynamic  range  versus  received  optical  power  for  coherent 
and  direct  detection  links  with  and  without  optical  amplifiers. 

5.4  Dynamic  Range  Versus  Link  Loss  Measurements 

We  have  studied  the  major  types  of  analog  links;  direct  and  coherent  detection; 
with  and  without  optical  amplifiers  (OA);  and  with  OAs  at  different  positions.  Our  goal 
is  to  answer  the  following  question:  what  is  the  best  analog  link  in  terms  of  the  spurious- 
free  dynamic  range  (SFDR).  The  answer  to  this  question  is  discussed  below. 

In  this  section,  we  continue  the  results  initially  presented  in  Section  4.7  and 
present  measurements  of  the  SFDR  against  the  link  loss  for  optically  amplified  links. 
Link  loss  can  easily  be  converted  into  the  number  of  destinations  or  splits  for  distribution 
systems  and  into  transmission  distance  for  point-to-point  links.  So,  if  one  wants  to  build 
a  system  with  a  prescribed  number  of  splits  or  transmission  distance,  the  plot  of  SFDR 
versus  link  loss  shows  the  best  configuration. 

With  the  development  of  optical  amplifiers,  the  performance  of  both  coherent  and 
DD  links  is  expected  to  improve,  enabling  both  to  handle  higher  link  losses.  Optical 
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DIRECT  DETECTION  OPTICAL  LINK 


Fig.  5-1 4(a).  Block  diagram  of  the  direct  detection  link  showing  the  possible  positions 

for  an  optical  amplifier. 


RF 

Input 

Signal 


COHERENT  AM  OPTICAL  LINK 


Fig.  5-14(b).  Block  diagram  of  the  coherent  AM  link  showing  the  possible  positions  for 

an  optical  amplifier. 


amplifiers  can  be  placed  in  the  following  positions  in  DD  and  coherent  AM  links  (see  Fig. 
5-14): 

(1)  EDFA  after  the  transmitter  laser,  to  boost  the  signal  power  going  into  the 
electro-optic  modulator  (EOM); 

(2)  EDFA  after  the  EOM,  to  amplify  the  signal  going  out  into  the  transmission 
fiber;  and 

(3)  EDFA  before  the  optical  receiver  as  a  preamplifier,  to  amplify  the  signal  at  the 
receiver. 


For  the  coherent  link,  there  is  one  additional  position: 
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(4)  EDFA  after  the  LO  laser,  to  amplify  the  optical  output  of  the  semiconductor 

LO  laser. 

Fig.  5-15(a)  and  Fig.  5-15(b)  show  the  SFDR  versus  link  loss  measurements  for 
the  DD  and  coherent  AM  links,  respectively.  In  some  link  configurations,  we  could  not 
measure  the  SFDR  for  link  loss  close  to  or  at  1  mW  since  the  photodetector  we  are  using 
at  our  receiver  saturates  for  optical  powers  above  1  mW.  For  both  DD  and  coherent  AM 
links,  with  an  EDFA  before  or  after  the  EOM,  we  increase  the  optical  power  going  into 
the  fiber;  this  enables  the  links  to  handle  larger  losses.  Because  of  the  loss  in  the 
modulator,  the  link  with  an  EDFA  after  the  EOM  has  a  higher  power  into  the  fiber  and 
can  handle  greater  link  loss  than  the  links  with  the  EDFA  before  the  EOM. 

The  effect  of  the  approximately  10  dB  loss  in  the  EOM  is  clearly  seen  in  the  DD 
case;  the  separation  between  the  two  curves,  for  the  link  with  the  EDFA  before  and  after 
the  EOM,  is  10  dB.  This  phenomenon  is  not  quite  obvious  in  the  coherent  AM  link, 
since  the  performance  of  the  link  is  affected  by  other  effects  such  as  the  RIN  of  the  lasers 
and  the  much  larger  effect  of  the  signal-ASE  and  ASE-ASE  beat  noises. 

The  main  difference  between  the  DD  and  the  coherent  AM  links'  curves  is  the 
flattening  in  the  low  loss  region  for  the  coherent  case  because  of  the  impact  of  RIN  for  the 
single  photodetector  receiver.  But  overall,  an  EDFA  still  extends  the  link  loss  margin  that 
can  be  handled  by  the  coherent  AM  link. 

For  both  DD  and  coherent  links,  the  EDFA  in  the  receiver  gives  poor  SFDR 
performance  because  of  the  signal-ASE  and  ASE-ASE  noises  being  the  dominant  noise 
terms.  This  is  due  to  the  fact  that  when  the  input  power  to  the  EDFA  is  smaller,  the 
impact  of  the  amplifier's  ASE  noise  is  stronger.  Also,  more  ASE  noise  is  collected  at  the 
receiver  as  compared  to  the  cases  when  the  EDFA  is  before  and  after  the  EOM,  since  for 
the  latter  cases  the  link  loss  attenuates  the  ASE  noise  while  for  the  fonner  all  the  ASE 
noise  generated  goes  into  the  receiver. 

Similar  reasons  explain  the  perfonnance  of  the  coherent  AM  link  with  the  EDFA 
after  the  LO  laser;  the  signal-ASE,  LO-ASE,  and  ASE-ASE  noises  deteriorate  the  system 
performance  significantly;  all  the  ASE  noise  generated  is  collected  by  the  photodetector 
since  the  EDFA  is  located  at  the  receiver.  When  the  EDFA  is  in  the  receiver,  the 
performance  is  slightly  better  since  the  input  power  to  the  EDFA  is  larger  when  the 
EDFA  is  after  the  LO  laser. 
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Fig.  5-15.  Spurious-free  dynamic  range  vs.  the  link  loss  for  (a)  the  direct  detection  link, 
and  (b)  the  coherent  AM  link,  with  an  optical  amplifier  at  different  positions. 
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To  summarize  the  results  presented  in  Fig.  5-15,  let  us  compare  the  performance 
of  the  best  four  links  for  specific  ranges  of  link  loss.  The  results  are  replotted  in  Fig.  5-16 
and  stated  in  Table  5-4.  For  medium  loss  (link  loss  between  10  to  25  dB),  the  DD  links 
perform  better  because  of  the  stronger  impact  of  RIN  on  the  coherent  AM  link. 
However,  the  coherent  AM  link  outperforms  the  DD  link  for  high  loss  (loss  greater  than 
28  dB)  links  due  to  the  better  sensitivity  of  the  coherent  receiver  caused  by  the  presence 
of  an  LO  laser. 

Table  5-4.  Summary:  Best  Link  Design. 


If  the  Link  Loss,  L,  is: 

The  Best  Link  (in  terms  of  SFDR)  is: 

0  dB  <  L  <  7  dB 

7dB<L<  13dB 

13dB<L<28  dB 

L  >  28  dB 

Direct  Detection,  no  EDFA 

Direct  Detection,  EDFA  before  EOM 
Direct  Detection,  EDFA  after  EOM 

Coherent  Detection,  EDFA  after  EOM 

DDJ  EDFA 


rr:..,DB....£S.FA. 


in  1  Hz 


DD,  no  EDFA 


0  5  10  15  20  25  30  35  40 

Link  loss,  dB 


Fig.  5-16.  Spurious-free  dynamic  range  vs.  the  link  loss 
comparison  of  four  of  the  best  links. 
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Chapter  Six _ 

Improving  the  Link  Performance 


The  previous  chapters  on  coherent  AM  links  focused  on  the  properties  of  this 
link  with  regards  to  various  system  parameters  and  noise  terms,  and  also  the  impact  of 
using  an  optical  amplifier.  We  have  shown  numerous  experimental  investigations  to 
demonstrate  the  link  properties  and  as  proofs-of-concept.  In  these  experiments,  the 
dynamic  range  values  which  we  obtained  were  usually  limited  by  the  equipment  we  had 
available.  The  performance  of  both  coherent  AM  and  direct  detection  links  can  be 
significantly  improved  by  auxiliary  subsystems  and/or  by  using  better  optical  and 
electrical  devices.  A  discussion  of  these  improvements  and  how  they  could  be  obtained  is 
the  focus  of  this  chapter. 

From  its  definition  in  Chapter  2,  there  are  three  ways  to  increase  the  link  dynamic 
range  [1]:  (1)  increase  the  received  optical  power;  (2)  lower  the  noise;  and,  (3)  lower  the 
nonlinearities  generated  in  the  link.  In  Section  6.1,  we  discuss  the  use  of  high  power 
lasers  as  a  way  to  increase  the  received  optical  power;  followed  by  lower  RIN  lasers  in 
Section  6.2  as  one  means  of  lowering  the  noise.  Numerous  ways  of  improving  the  electro¬ 
optic  modulator  (EOM)  response  to  lower  the  nonlinearities  generated  in  the  link  are 
presented  in  Section  6.3.  Section  6.4  deals  with  the  advantage  of  using  a  balanced  or  dual¬ 
detector  receiver  for  the  coherent  AM  link.  In  short,  a  dual-detector  receiver  has  the 
combined  effect  of  increasing  the  received  optical  power  and  lowering  the  noise.  Section 

6.5  contains  a  discussion  on  improving  the  link  gain  and  noise  figure.  Finally,  in  Section 

6.6  we  present  our  experimental  investigations  on  the  dynamic  range  improvements 
brought  about  by  using  a  cascaded  linearized  modulator  structure  and  NdiYAG  lasers, 
which  have  higher  power  and  lower  RIN  than  conventional  semiconductor  lasers. 

6.1  High-Power  Lasers 

The  dynamic  range,  link  gain,  and  noise  figure  improve,  to  varying  degrees,  with 
increasing  optical  power.  For  example,  a  10  dB  increase  in  the  received  optical  signal 
power  would  increase  the  dynamic  range  by  6.7  dB  and  the  link  gain  by  20  dB;  and  the 
noise  figure  would  decrease  by  10  dB.  Thus,  using  higher  power  lasers  for  both  the 
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transmitter  and  local  oscillator  can  result  in  significant  improvements  in  the  link 
performance. 

6.2  Lower  Relative  Intensity  Noise  (RIN)  Lasers 

As  shown  in  Section  4.5.2,  for  larger  optical  LO  and  signal  powers,  laser  relative 
intensity  noise  (RIN)  causes  degradation  in  the  performance  of  the  coherent  AM  link. 
This  is  expected  for  a  coherent  AM  link  employing  a  single-photodetector  receiver  as  that 
of  Fig.  4-9(a),  since  the  impact  of  RIN  is  approximately  proportional  to  the  square  of  the 
received  signal  and  LO  optical  powers.  It  would  therefore  be  advantageous  to  use  lower 
RIN  lasers.  As  will  be  shown  in  Section  6.6,  the  use  of  lower  RIN  lasers  may  improve 
the  dynamic  range  by  up  to  10  dB. 

6.3  Improving  the  Electro-Optic  Modulator  Response 

At  high  frequencies,  externally  modulated  links  tend  to  have  a  higher  dynamic 
range  and  lower  noise  figure  than  directly  modulated  links  [2,  3].  However,  the  dynamic 
range  of  externally  modulated  links  are  usually  limited  by  the  sinusoidal  L-versus-V 
response  (output  Light-versus-drive  Voltage)  of  the  electro-optic  modulator  (EOM). 
Therefore,  significant  improvements  in  the  dynamic  range  can  be  obtained  by  modifying 
the  structure  of  the  modulator  so  that  it  is  more  linear  in  the  required  region  of  operation. 

There  have  been  several  schemes  proposed  in  the  literature  for  linearizing  the 
response  of  an  EOM  such  as 

(a)  electronic  linearization  -  feedforward  and  predistortion  linearization; 

(b)  polarization  mixing; 

(c)  using  a  parallel  modulator  structure; 

(d)  modified  directional  coupler;  and, 

(e)  using  a  cascade  structure  of  modulators. 


Several  experiments  have  been  conducted  and  their  improvements  are  showm  in  Table  6-1. 


Table  6-1.  Comparison  between  the  improvements  from 
the  various  EOM  linearization  schemes. 


Maximum 

Reduction  in  3rd 

order  distortion 

Maximum 

Dynamic  Range 
Jny)rovement 

References 

Electronic 

Feedforward 

25  dB 

>  8.4  dB 

4 

Electronic 

16  dB 

5.4  dB 

5 

Predistortion 

16.4  dB 

5.5  dB 

6 

Polarization 

14  dB 

4.7  dB 

7 

Mixing 

21 

7dB 

8 

Parallel 

Modulator 

20  dB 

>7dB 

9 

Modified 

30  dB 

>  10  dB 

10 

Directional 

Coupler 

33  dB 

11  dB 

11 

Cascaded 

7dB 

n 

Modulators 

11.4  dB 

We  conducted  our  own  experiments  using  the  modulator  in  [13];  the  results  of 
which  will  be  presented  in  Section  6.6. 

6.4  Balanced  or  Dual-Detector  Receiver 

Similar  to  a  digital  link,  the  laser  RIN  problem  of  the  coherent  AM  link  can  be 
minimized  by  using  a  balanced  receiver  [14],  Balanced  receivers  can  eliminate  most  of  the 
laser  relative  intensity  noise  in  the  receiver,  and  thus  increase  the  coherent  AM  link's 
dynamic  range.  In  addition,  all  of  the  signal  and  local  oscillator  powers  are  used 
effectively  since  no  part  of  the  optical  signal  is  rejected,  making  it  easier  to  operate  in  the 
shot-noise  limit  [15].  For  example,  when  the  received  optical  signal  power  is  10  mW,  the 
LO  power  10  mW,  the  RIN  of  both  lasers  is  -150  dB/Hz,  and  the  SFDR  is  91  dB«Hz2/3 
for  a  single-photodetector  receiver  and  is  102  dB'Hz^/^  for  a  balanced  receiver. 

We  will  now  present  our  theoretical  investigation  of  the  improvement  in  dynamic 
range  by  a  dual-detector  receiver  for  coherent  analog  optical  links. 
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RFIi^t 


Fig.  6-1.  Block  diagram  of  coherent  AM-WIRNA  using  a  dual-detector  receiver. 


A  coherent  AM  analog  optical  link  using  a  dual-detector  receiver  is  shown  in  Fig. 
6-1.  In  the  single-detector  configuration,  one  of  the  coupler  ports  of  the  3  dB  coupler  is 
not  used  and  half  of  the  optical  power  is  lost.  Assuming  the  two  branches  of  the  dual¬ 
detector  receiver  are  perfectly  balanced,  the  IF  signals  in  the  two  photocurrents,  /;  and  /j, 
are  180  degrees  out-of-phase.  However,  the  LO  RJN  will  be  in  phase.  When  the  two 
photocurrents  are  subtracted,  the  IF  signal  power  is  increased  while  the  LO  RIN  is 
attenuated.  In  this  case,  the  combined  additive  noise  density,  hd,  at  the  output  of  the 
dual-detector  is  (see  Table  4-1  for  symbol  definitions): 


The  last  term  in  (6.1)  represents  the  RIN  generated  by  the  signal-times-LO 
product  that  is  not  attenuated  in  the  balanced  receiver.  The  spurious-free  dynamic  range 
for  the  dual-detector  link  is  expressed  as: 


SFDR  = 


A-* 


|2/3 


(6.2) 


where  A  and  Gfdxt  given  by  Eqs.  (4.3)  and  (4.5),  respectively.  In  Fig.  6-2,  the  dynamic 
range  is  plotted  against  the  received  optical  power  for  a  direct  detection  link  and  the  two 
coherent  AM  links  employing  single-  and  dual-detector  receivers.  As  the  optical  power 
increases,  RIN  starts  to  dominate  and  limits  the  dynamic  range.  In  Fig.  6-2,  we  can  see 
that  the  coherent  AM  links  are  more  susceptible  to  RJN  than  the  direct  detection  link. 
This  is  due  to  the  strong  LO  power  for  the  coherent  AM  links.  Since  the  RIN  power  is 
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proportional  to  the  optical  power,  the  dynamic  range  would  be  limited  to  a  value 
restricted  by  RIN.  The  RIN-limited  SFDR  for  the  three  links  are  listed  in  Table  6-2 
where  a  is  the  ratio  of  Ps  and  Plo  tn  dB.  Fig.  6-2  indicates  that  using  a  dual-detector 
receiver  in  a  coherent  AM  link  improves  the  link  dynamic  range  by  up  to  12  dB. 


Fig.  6-2.  Dynamic  range  vs.  received  optical  power  for  coherent  AM  links 
and  a  direct  detection  link,  for  RfN  =  - 150  dB/Hz  and  PlO  ”  Ps+20  dB. 


Table  6-2:  RIN-limited  SFDR. 


Analog  optical  links 

RIN-limited  SFDR  (dB  Hz2/3) 

Direct  detection  link 

Coherent  AM  link  with  single-detector 

Coherent  AM  link  with  dual-detector 

6--RIN 

3 

4-j(a  +  RIN) 

1--RIN 

3 
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6.5  Improving  the  Link  Gain  and  Noise  Figure 

The  obvious  solution  to  improve  the  gain  and  noise  figure  of  optical  links  would 
be  to  use  high  gain  and  low  noise  electronic  amplifiers  before  and  after  the  link.  Let  us 
look  into  this  in  more  detail.  In  general,  RF  amplifiers  can  be  added  before  and  after  the 
optical  link  (as  shown  in  Fig.  6-3). 


Pre-amplifier  Post-amplifier 

Fig.  6-3.  Optical  link  with  a  pre-amplifier  and  a  post-amplifier. 

The  overall  gain  G  of  this  amplifier-  optical  link  -  amplifier  system  is  given  by: 

G  =  G1G2G2  (6.3) 


where  G2  is  the  optical  link  gain,  and  Gi  and  G3  are  the  preamplifier  and  post-amplifier 
gains,  respectively.  G2  depends  on  the  efficiencies  of  the  electrical-to-optical  and  optical- 
to-electrical  conversions. 

The  total  noise  figure  for  the  system  shown  in  Fig.  6-3  can  be  detennined  using 
the  following  expression: 


^  Fo-1  F-2-1 

F  =  Fi+-^ - - 

Gi  GjG2 


where  F2  is  the  optical  link  noise  figure,  and  Fj  and  F3  are  the  preamplifier  and  post¬ 
amplifier  noise  figures,  respectively. 

For  the  case  of  optical  links  G1G2  «  1  so  that. 


F  = 


F3-I 

G1G2 


(6.5) 


Expressing  the  terms  in  dB, 

F  =  F'3-Gi-G2=F3-G-fG3,  [dB]  (6.6) 
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This  means  that  the  noise  figure  can  be  minimized  (a)  using  a  high  gain  pre-amplifier  Gi; 
(b)  increasing  the  optical  power  (corresponds  to  increasing  G2);  and  (c)  minimizing  the 
noise  figure,  F 3,  and  gain,  G3,  of  the  link  post-amplifier.  The  sum  of  the  noise  figure  and 
RP  transfer  ratio  for  the  optical  link  is  approximately  constant: 

F  +  G  =  F  3  -I-G3  =  constant  (6.7) 

Therefore,  it  is  possible  to  construct  a  system  having  both  desirable  features  of  high  gain 
and  low  noise  figure. 

Other  ways  of  improving  the  link  gain  and  noise  figure  include:  using  better 
components  like  EOM  with  lower  losses  [16],  as  well  as  the  use  of  impedance  matching 
at  both  the  transmitter  and  receiver  ends  of  the  link  (to  minimize  RF  reflection  losses) 
[17,  18]  could  also  result  in  a  link  with  a  higher  gain  and  lower  noise  figure. 

6.6  Experiments  with  a  Linearized  Modulator,  High  Power,  and 
Lower  RIN  Lasers 

In  this  section,  we  present  our  experimental  investigations  of  the  effect  of  using  a 
linearized  modulator,  high  power  and  lower  RIN  lasers  on  the  perfonnance  of  the 
coherent  AM  link.  We  show  that  significant  improvements  in  the  dynamic  range  can  be 
achieved  by  using  better  devices  as  discussed  in  the  previous  sections.  We  were  limited 
to  those  devices  we  had  in  our  laboratory;  such  as  the  Nd:YAG  lasers  and  the 
photodetector  that  saturates  at  1  mW  of  optical  power.  Even  though  this  was  the  case, 
we  were  able  to  demonstrate  that  with  these  better  devices  we  achieved  the  highest 
spurious-free  dynamic  range  reported  to  date  for  a  coherent  AM  link. 


Bias  1  Bias  2 


RF  1  RF  2 

Fig.  6-4.  Schematic  representation  of  the  Crystal  Technology,  Inc.  linearized  modulator. 
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Bias  1  DC  Voltage,  V 


Fig.  6-5(a).  Output  optical  power  vs.  bias  1  voltage  transfer  characteristic  of  the  CTI 
linearized  modulator;  bias  2  is  fixed  at  1.275  V. 


Output 

Optical 

Power, 

pW 


Bias  2  DC  Voltage,  V 

Fig.  6-5(b).  Output  optical  power  vs.  bias  2  voltage  transfer  characteristic  of  the  CTI 
linearized  modulator;  bias  1  is  fixed  at  5.75  V. 
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6.6.1  Description  of  the  Modulator 


In  Section  6.3,  we  showed  that  significant  improvements  in  the  dynamic  range  can 
be  obtained  by  modifying  the  structure  of  the  modulator  such  that  it  is  more  linear  in  the 
required  region  of  operation.  We  investigated  the  impact  of  a  linearized  modulator  on  the 
SFDR  of  the  coherent  AM  link.  The  linearized  modulator  was  lent  to  us  by  Crystal 
Technology,  Inc.  (CTI).  The  modulator's  principle  of  operation  is  described  in  [13]. 

A  schematic  representation  of  the  CTI  linearized  modulator  is  shown  in  Fig.  6-4. 
The  modulator  is  completely  passive;  no  electronic  predistortion,  feedback,  or 
feedforward  techniques  are  used.  The  linearization  takes  place  entirely  on  the  optical 
chip.  The  linearized  modulator  is  actually  a  cascade  of  two  modulators:  the  second 
modulator  compensates  for  the  nonlinearities  introduced  by  the  first  modulator. 
Linearization  is  achieved  by  properly  biasing  both  modulators  and  tuning  the  relative 
amplitude  and  phase  of  the  two  RF  electrodes  to  suppress  the  second  and  third  order 
harmonics  and  intermodulation  products  (IMP)  [19]. 

We  measured  the  transfer  curves  (output  optical  power  versus  bias  voltage)  of  the 
linearized  modulator.  Since  this  modulator  has  two  bias  voltage  ports,  we  obtained  two 
transfer  curves;  one  with  the  bias  2  voltage  fixed  and  the  bias  1  voltage  varying,  and  vice 
versa.  The  results  are  shown  in  Figs.  6-5(a)  and  6-5(b).  The  fixed  voltages  used  are  the 
bias  voltages  yielding  the  optimum  linearization.  Note  from  the  figures  that  these 
voltages  occur  in  the  most  linear  region  of  the  transfer  curves. 

6.6.2  System  Description 

The  experimental  set-up  to  measure  the  effect  of  the  linearized  EOM,  higher 
optical  power  and  lower  RIN  lasers  on  the  performance  of  the  coherent  AM  link  is 
shown  in  Fig.  6-6.  Nd;YAG  lasers  having  a  RIN  of -164  dB/Hz  and  output  power  of +10 
dBm  (in  the  fiber)  are  used  for  both  the  transmitter  and  LO  lasers. 

The  RF  input  signal  is  split  two  ways  via  a  power  divider  and  fed  into  the  RF 
ports  of  the  EOM.  Using  different  attenuations  and  cable  lengths,  the  relative  amplitude 
and  phase  of  the  two  RF  input  signals  to  each  port  can  be  adjusted  such  that  the 
nonlinearities  are  minimized  [19].  The  following  is  the  tuning  procedure  we  discovered  to 
obtain  optimal  linearization; 
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RF 

Output 

Signal 


Fig.  6-6.  Block  diagram  of  the  coherent  AM  link  using  a  CTI  linearized  modulator  and 

Nd:YAG  lasers. 


(1)  Connect  the  RF  input  signal  to  RF  port  1  only;  terminate  RF  port  2. 

(2)  Adjust  bias  1  and  bias  2  for  minimum  second  hannonic  generation  at  the  link 
output. 

(3)  Connect  the  RF  input  signal  to  RF  port  2  (both  RF  ports  are  now  connected). 

(4)  Adjust  the  attenuation  in  the  RF  1  branch,  while  keeping  the  RF  signal  path 
lengths  the  same,  for  minimum  third  order  harmonics  and  IMPs  at  the  link  output. 

(5)  Adjust  bias  1  and  bias  2  for  minimum  second  hannonic  generation  at  the  link 
output. 

110 


(6)  Repeat  steps  (4)  and  (5)  until  the  minimum  nonlinearities  is  observed  at  the 
link  output. 

(7)  Measure  the  dynamic  range. 

6.6.3  Experimental  Measurements 

The  SFDR  versus  link  loss  measurements  are  shown  in  Fig.  6-7.  For  comparison, 
also  shown  in  the  figure  are  the  SFDR  measurements  for  the  set-up  shown  in  Fig.  4- 1(a) 
and  presented  in  Section  4.6.  For  link  losses  greater  than  15  dB,  there  is  at  least  12  dB 
improvement  due  to  a  more  powerful  LO  laser  and  a  linearized  modulator.  The 
improvement  due  to  the  lower  RIN  is  negligible  in  this  high  loss  region  since  the  received 
optical  powers  are  small.  The  improvement  due  to  the  linearized  modulator  is  about  1 1.3 
dB  corresponding  to  34  dB  third  hannonic  suppression.  This  agrees  well  with  the 
specifications  given  by  Crystal  Technology. 


Link  loss,  dB 

Fig.  6-7.  Spurious-free  dynamic  range  vs.  the  link  loss  for  the  coherent  AM  link 
using  a  CTI  linearized  modulator  and  Nd;YAG  lasers. 
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At  lower  link  losses,  down  to  0  dB,  as  much  as  10  dB  additional  improvement  is 
brought  about  by  a  lower  RJN  in  both  LO  and  transmitter  lasers. 

Our  experiments  provide  strong  evidence  that  the  dynamic  range  of  coherent  AM 
links  can  be  improved  by  using  better  devices.  The  SFDR  of  1 15  dB  Hz^/^  we  obtained 
is  the  best  dynamic  range  ever  attained  with  a  coherent  analog  link;  it  was  obtained  using 
modest  optical  powers  of  1  mW  LO  and  0.5  mW  received  optical  signal,  and  this  was 
because  we  were  limited  by  the  saturation  of  our  photodetector  for  higher  optical  powers. 
We  are  confident  that  even  higher  SFDR  values  can  be  obtained  using  much  better  devices. 
In  addition,  we  have  experimentally  obtained  up  to  34  dB  reduction  in  third-order  IMD, 
the  largest  reported  for  any  modulator  linearization  scheme  for  any  type  of  analog  optical 
link. 

Although  these  measurements  were  conducted  using  Nd:YAG  lasers,  which  have 
very  narrow  linewidths  and  high  power,  our  link  is  capable  of  using  semiconductor  lasers 
with  high  optical  output  power  and  considerable  linewidths.  We  have  shown  earlier  that 
by  proper  design,  the  coherent  AM  link  can  be  made  linewidth-insensitive.  Certain 
laboratories  have  research  efforts  underway  for  producing  very  high  power  semiconductor 
lasers.  The  results  shown  here  provide  a  proof-of-concept  demonstration  on  what 
dynamic  ranges  can  be  obtained  with  high  optical  power. 
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Chapter  Seven 


AM  Links:  Conclusions 


7.1  Summary 

The  studies  of  amplitude-modulated  optical  links  conducted  within  this  part  has 
provided  a  comprehensive  survey  of  techniques  in  improving  the  perfonnance  of  current 
analog  optical  links  [1,  2,  3],  These  studies  also  led  to  the  recommendations  for  several 
optical  experiments  to  be  constructed  in  order  to  adequately  demonstrate  the  features  and 
advantages  of  certain  advanced  analog  links. 

We  have  studied  theoretically  four  types  of  amplitude-modulated  optical  links: 

•  homodyne  AM-WIRNA  links: 

(a)  2-port  homodyne  link; 

(b)  K-port  homodyne  link;  and 

(c)  2K-port  homodyne  link; 

•  heterodyne  AM-WIRNA  links; 

•  optically  amplified  direct  detection  links; 

•  optically  amplified  heterodyne  AM-WIRNA  links. 

We  have  successfully  built  and  tested  the  following  links  operating  at  2  GHz: 

•  a  conventional  direct  detection  link; 

•  a  heterodyne  AM-WIRNA  link; 

•  a  direct  detection  link  with  a  semiconductor  amplifier; 

•  a  direct  detection  link  with  an  erbium-doped  fiber  amplifier; 

•  a  heterodyne  AM-WIRNA  link  with  a  semiconductor  amplifier; 

•  a  heterodyne  AM-WIRNA  link  with  an  erbium-doped  fiber  amplifier; 

For  low  received  optical  power  (<  100  |iW),  optical  amplification,  coherent 
detection,  or  both  can  be  used  to  improve  the  dynamic  range  of  the  links.  However,  for 
high  received  optical  power  (>1  mW),  the  conventional  direct  detection  link  gives  the  best 
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perfonnance.  The  shot  noise-limited  SFDR  of  the  conventional  direct  detection  link  is  2 
dB  higher  than  that  of  the  amplified  direct  detection  and  coherent  AM  link;  this  is  due  the 
3  dB  noise  figure  of  the  optical  amplifier  in  the  amplified  link  and  the  extra  signal 
processing  in  the  coherent  receiver  for  the  coherent  AM  link.  We  have  also  shown  that 
the  coherent  AM  links  are  more  sensitive  to  RIN  than  the  direct  detection  links.  The 
RIN-limited  SFDR  of  the  coherent  AM  links  is  4  dB  worse  than  that  of  the  direct 
detection  links. 

Through  the  construction,  measurement  and  analysis  of  the  four  experimental 
links,  we  were  able  to  make  a  perfonnance  evaluation  of  practical  optical  links  using 
optical  amplification,  coherent  detection,  and  both  techniques,  using  readily  available 
optical  and  microwave  components.  Our  experimental  results  follow  the  same  behavioral 
trend  as  that  predicted  by  theoretical  models  we  constructed.  Both  theory  and 
experiment  present  cross-over  points  between  the  four  links'  dynamic  range  performance, 
and  agree  that  these  are  due  to  noise  terms  like  thermal  noise,  shot  noise,  RIN,  signal-ASE 
noise,  ASE-ASE  beat  noise,  and  LO-ASE  beat  noise  becoming  dominant  as  the  received 
optical  power  changes.  However,  our  measurements  only  show  modest  improvements 
when  using  an  optical  amplifier  and  coherent  detection  techniques. 

7.2  Recommendations  for  Future  Work 

In  Chapter  3,  we  have  discussed  the  advantages  of  using  balanced  receivers.  Since 
balanced  receivers  reject  common  mode  signals,  the  second  harmonic  components  in  the 
homodyne  links  and  the  common  mode  noises,  such  as  the  LO  RIN,  are  suppressed.  It  is 
very  important  to  suppress  the  LO  RIN  because  of  the  high  optical  power  requirement  of 
analog  optical  links.  In  addition,  these  receivers  allow  more  efficient  utilization  of  the 
received  optical  power.  Balanced  receivers  are  commercially  available  for  about  $20K. 
With  these  receivers,  we  would  be  able  to  improve  the  performance  by  more  than  3  dB. 

In  this  project,  we  have  experimentally  demonstrated  the  feasibility  of  coherent 
heterodyne  links.  It  is  difficult  to  obtain  RF  components  for  an  arbitrarily  high  IF.  A 
finite  IF  can  cause  a  small  penalty  to  the  receiver  sensitivity.  As  discussed  in  Chapter  3, 
homodyne  links  are  also  useful  for  analog  applications.  However,  homodyne  links,  in 
general,  require  more  complex  optical  processing  and  in  some  cases,  custom-made 
components  are  required. 
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Chapter  Eight 


Coherent  FM  and  PM  Links 


8.1  Potential  Dynamic  Range  Improvement  Using  Angle  Modulation 

Angle  modulation  is  well-known  to  offer  potential  performance  advantages  over 
amplitude  modulation  in  analog  links.  These  advantages  are  exploited  in  commercial  FM 
radio  and  video.  There  are  a  number  of  reasons  to  believe  that  angle  modulation  could  be 
useful  in  optical  systems.  Wideband  angle  modulation  provides  improved  signal-to-noise 
ratio  at  the  expense  of  increased  transmission  bandwidth.  Because  optical  fiber  offers  a 
very  large  potential  transmission  bandwidth,  optical  transmission  systems  are  well-suited 
to  handle  expanded  bandwidth  signals. 

Angle  modulation  can  be  achieved  in  analog  links  using  either  direct  or  external 
modulation.  The  frequency  of  semiconductor  laser  diodes  can  be  directly  modulated  by  a 
varying  input  current,  which  changes  the  index  of  refraction  of  the  laser  gain  medium. 
Using  multi-section  lasers,  the  optical  frequency  can  be  varied  independently  of  the 
optical  power.  External  angle  modulation  is  based  on  optical  phase  modulators,  which  are 
essentially  ideally  linear,  in  contrast  to  the  highly  nonlinear  characteristics  of  Mach 
Zehnder  amplitude  modulators.  The  linearity  of  optical  phase  modulators  can  be 
exploited  to  both  PM  and  FM  systems  to  achieve  large  spurious-free  dynamic  range 
(SFDR  -  see  Section  2. 1.1. 2). 

Coherent  detection  provides  both  amplitude  and  phase  information  about  the 
detected  optical  field,  and  it  is  thus  well-suited  to  the  detection  of  angle  modulated 
signals.  However,  because  angle  modulated  links  carry  their  information  in  the  optical 
phase,  they  are  intrinsically  sensitive  to  the  laser  phase  noise  in  coherent  detection  links. 
In  Section  8.2,  we  present  an  analysis  of  the  SFDR,  RF  power  transfer  ratio,  and  noise 
figure  of  coherent  PM  and  FM  links.  In  Section  8.3,  we  compare  their  performance  to 
that  of  AM  coherent  and  AM  direct  detection  links.  Section  8.4  contains  references. 
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8.2  Coherent  PM  and  FM  Links 


8.2.1  Link  Descriptions 

An  externally  modulated  PM  coherent  link  is  shown  in  Fig.  8-1 .  The  input  signal 
is  phase  modulated  on  an  optical  carrier.  At  the  receiver  the  signal  is  combined  with  the 
LO  laser  light  using  a  3  dB  directional  coupler  and  detected.  It  is  then  amplified  at  the  IF, 
limited,  put  through  a  delay  line  filter,  envelope  detected,  and  integrated. 


Input 
signal  Phase 


Fig.  8-1.  Externally  modulated  coherent  PM  link 


Input 

signal 


Phase 

modulator 


Gain  Input 


Fig.  8-2(b).  Directly  modulated  coherent  FM  link 


Externally  modulated  and  directly  modulated  coherent  FM  links  are  shown  in 
Figs.  8-2(a)  and  (b),  respectively.  In  Fig.  8-2(a),  the  input  signal  is  integrated  before  being 
applied  to  a  phase  modulator.  In  Fig.  8-2(b),  the  input  signal  is  applied  to  the  grating 
section  of  a  semiconductor  laser  diode,  generating  optical  FM.  The  FM  receiver  is 
identical  to  the  PM  receiver,  except  that  there  is  no  integrator  before  the  output. 

In  all  cases,  there  is  filtering  implied  in  the  baseband  and  IF  amplifiers.  For  the 
purposes  of  our  analysis,  we  assume  that  the  amplifier  bandwidths  are  sufficiently  broad 
to  pass  signals  undistorted,  including  signals  with  bandwidths  broadened  by  phase  noise. 
In  the  coherent  systems,  balanced  receivers  are  utilized  to  both  increase  the  collected 
signal  power  and  suppress  part  of  the  laser  relative  intensity  noise  (RIN)  [1]. 

8.2.2  Impact  of  Laser  Linewidth,  RIN,  and  Receiver  Noise 


The  output  signal-to-noise  ratios  (SNRs)  for  the  PM  and  FM  links  are  derived  in 
Appendix  C.1.1  and  are  given  by 
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where  R  is  the  responsivity  of  the  photodetectors,  B  is  the  bandwidth  of  the  baseband 
signal  x(/),  and  b  is  the  photodetector  matching  factor,  which  is  defined  in  Appendix 
A.2.5.  Pg  is  the  received  optical  power,  Pf^  is  the  local  oscillator  power,  and  is 

the  average  power  of  the  two-tone  applied  signal,  which  is  normalized  to  one.  The 
normalized  SNRs  SNRpuo  and  SNRfmo  are  the  SNRs  for  each  of  the  links  for  a  unity 
modulation  index;  note  that  the  modulation  indices  may  exceed  unity.  The  various  noise 
expressions  in  Eqs.  (8.1)  and  (8.2),  which  correspond  to  phase  noise,  RIN  due  to  the 
signal  laser,  RIN  due  to  the  local  oscillator  laser,  and  receiver  noise,  are  evaluated  in 
Appendix  A.2. 

The  SNR  expression  SNRfmo  is  accurate  for  both  directly  modulated  and 
externally  modulated  FM  links.  As  shown  in  Appendix  C.l,  the  form  of  the  transmitted 
optical  signal  is  identical  for  both,  which  is  the  reason  that  a  single  SNR  expression  has 
been  given. 

Eqs.  (8.1)  and  (8.2)  indicate  that  the  SNR  increases  monotonically  with  the 
modulation  index.  The  maximum  useful  modulation  index  is  limited  by  intermodulation 
distortion  associated  with  nonlinear  effects.  In  the  next  section,  we  derive  expressions  for 
the  maximum  useful  modulation  index  and  the  associated  spurious-free  dynamic  range. 

8.2.3  Spurious-Free  Dynamic  Range  (SFDR) 

In  this  section,  we  derive  the  spurious-free  dynamic  range  (SFDR)  for  a  link  with 
a  single  channel.  This  derivation  is  fully  general  for  any  link  with  an  SFDR  limited  by 
third-order  nonlinearitics,  which  is  the  case  in  our  analog  angle  modulated  links  assuming 
that  the  transmitter  sections  are  perfectly  linear.  The  output  current  expressions  of 
Appendix  C.l  can  be  written  in  the  fonn 

U(0  =  +  +  (8.3) 

where  r  is  the  modulation  index,  s  is  the  signal  amplitude,  bj,  is  the  coefficient  describing 
the  third-order  nonlinearity,  and  /i/or(0  is  the  total  noise.  The  nonlinearity  for  the  PM 
link  is  of  a  slightly  different  form  and  is  discussed  below.  Table  8-1  gives  r  and  b-i  for  the 
two  links.  In  Section  8.2.2,  we  showed  that  generic  SNR  expressions  for  the  various  links 
can  be  written  as 
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Table  8-1.  Modulation  index  r  and  nonlinear  coefficient  bs  for  the  various  links. 


PM  FM 


The  key  performance  measure  of  an  analog  link  is  the  spurious-free  dynamic  range 
(SFDR),  defined  as  the  ratio  of  the  maximum  signal  power  to  the  minimum  signal  power 
the  link  can  transport.  At  high  modulation  depths,  the  third  order  nonlinearity  results  in 
significant  intermodulation  products  falling  within  the  signal  band.  From  Section  2. 1.1. 2, 
the  SFDR  is  the  SNR  at  which  the  intermodulation  power  is  equal  to  the  noise  power. 
We  assume  a  normalized  test  signal  of  the  form 

j:(r)  =  a,  cos(a),/+  ^,)+a2Cos(tUjr+  (8.5) 

where  erf  +  af  =  1,  giving  =  0.5;  and  <pi  and  (jh  are  arbitrary  constant  phases.  For 
less  than  one  octave  of  bandwidth,  the  maximum  intermodulation  power  falling  within  the 
band  is 

(4?)  =  (^-6) 


where  the  only  important  terms  falling  within  the  signal  band  are  those  at  2co\  -  (Oi  and 
2o>2-  03\.  This  occurs  for  a,  =  a,  =  1  /  .  Setting  the  intermodulation  power  equal  to 

the  noise  power,  we  find  that  the  maximum  useful  modulation  depth  is  given  by 


Because  the  SFDR  is  defined  as  the  SNR  at  the  maximum  useful  modulation  depth,  Eq. 
(8.7)  is  substituted  into  Eq.  (8.4)  to  give  the  SFDR, 


SFDR  = 


^SNR 


From  Eq.  (C.12)  of  Appendix  C.l,  the  total  intermodulation  power  for  an  FM  link 
is  easily  obtainable  by  substituting  in  Eq.  (8.5).  For  a  PM  link  with  the  test  signal  of  Eq. 
(8.5),  the  total  intermodulation  power  is  given  by 
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It  can  be  shown  that  the  worst  case  (i.e.,  maximum  (ih^))  occurs  for  a^  =  a2  =  1  /  V2  and 
£0)  =  tUj  =  where  is  the  maximum  signal  frequency;  for  a  one  octave  signal 

bandwidth,  =  2B. 

The  corresponding  values  of  is  given  in  Table  8-1 .  Using  these  values  of  Z>3,  the 
SFDRs  of  the  coherent  PM  and  FM  links  are  then  given  by  Eq.  (8.8). 

The  SFDR  expressions  given  in  this  section  for  coherent  FM  links  are  based  upon 
the  assumption  that  the  nonlinearity  which  limits  link  performance  is  generated  by  the 
discriminator  filter,  not  the  transmitter.  The  validity  of  this  assumption  for  externally 
modulated  FM  links  is  discussed  in  Appendix  C.l. 2.  For  directly  modulated  FM  links, 
the  linearity  of  the  FM  response  of  semiconductor  laser  diodes  is  device-dependent  and 
also  not  well  documented  in  the  literature,  and  as  a  result  we  assume  that  the  assumption 
is  also  valid  for  these  links.  The  SFDR  results  in  Section  8.3  for  directly  modulated  and 
externally  modulated  FM  links  are  therefore  identical. 

8.2.4  RF  Power  Transfer  Ratio  and  Noise  Figure 

The  RF  power  transfer  ratios  and  noise  figures  of  the  coherent  PM  and  FM  links 
are  defined  and  derived  in  Appendix  C.  1 .2.  The  RF  power  transfer  ratio  for  an  externally 
modulated  FM  link  is 
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For  the  externally  modulated  coherent  PM  link,  the  RF  power  transfer  ratio  is 
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(8.11) 


which  is  identical  to  that  of  the  externally  modulated  coherent  FM  link. 

For  the  directly  modulated  coherent  FM  link,  the  RF  power  transfer  ratio  is 
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The  parameters  in  the  above  equations  are  defined  in  Table  8-3  and  in  Appendix  C.1.2. 
The  derivation  of  noise  figure  is  straightforward  using  the  formula 


F  =  1- 
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noise  power  at  link  output 
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We  give  below  the  output  noise  powers  for  the  coherent  PM  and  FM  links.  The  noise 
figure  is  then  obtained  directly  from  Eq.  (8.13). 

The  noise  power  at  the  output  of  the  externally  modulated  coherent  FM  link  is 
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The  noise  power  at  the  output  of  the  directly  modulated  coherent  FM  link  is 


rif^r.FM)=Ps{^]  ^r^PsPLo[^^^^^]+^^Uq^{f"s+  PLo)  +  ^\fL  "/I) 
Wif)  3  1^  Rs  J 


(8.15) 


which  is  identical  to  the  output  noise  power  for  the  externally  modulated  coherent  FM 
link. 

The  noise  power  at  the  output  of  the  externally  modulated  coherent  PM  link  is 


(  1  T  Ai)  (  1  1  )  f  ■  4jtr  1 

r),«,.PM)  =  ^5  TT-^  ^r^PsPio  —  7 - —  +  MPs  +  Plo)  +  —  ^ 

K^JifP^  )  ^  \/min  /ma*  y  V  J 


127 


(8.16) 


Again,  the  parameters  in  the  above  equations  are  defined  in  Table  8-3  and  in  Appendix 
C.1.2. 

8.3  Results  and  Discussion 

In  this  section,  we  evaluate  the  SFDR,  RF  power  transfer  ratio,  and  noise  figure  of 
coherent  PM  and  FM  links  and  compare  their  performance  to  that  of  AM  coherent  and 
AM  direct  detection  links.  Note  that  the  theoretical  values  for  the  AM  links  in  this 
section  will  slightly  overestimate  the  attainable  SFDR  shown  in  Chapter  4  due  to  the  fact 
that  amplifier  noise  figures  and  other  experimental  link  imperfections  have  been  ignored. 

8.3.1  SFDR  Comparison 

We  are  now  in  a  position  to  evaluate  the  SFDR  of  the  coherent  PM  and  FM  links 
for  a  variety  of  parameter  values,  and  to  compare  their  performance  to  that  of  coherent 
AM  and  DD  links.  Note  that  the  plots  for  coherent  FM  refer  to  both  directly  modulated 
and  externally  modulated  FM  links.  The  main  system  parameters  include  received  optical 
power*,  LO  power,  RIN,  laser  linewidth,  signal  bandwidth,  and  receiver  intermediate 
frequency.  In  the  examples  considered,  the  signal  occupies  a  one  octave  of  bandwidth 
from  1  -  2  GHz. 

We  consider  only  combinations  of  laser  parameters  corresponding  to  two  lasers 
typically  used  in  optical  communication  systems:  a  diode-pumped  Nd.YAG  laser  and  a 
distributed  feedback  (DFB)  laser  diode.  Diode-pumped  Nd:YAG  lasers  exhibit  low 
relaxation  oscillation  frequencies  and  narrow  linewidths,  whereas  DFB  laser  diodes  exhibit 
high  relaxation  oscillation  frequencies  and  wider  linewidths.  In  the  following  calculations, 
we  will  assume  the  two  sets  of  laser  parameters  shown  in  Table  8-2.  We  will  also 
assume,  for  the  coherent  links,  that  the  local  oscillator  exhibits  the  same  RIN  and 
linewidth  characteristics  as  the  signal  laser  for  each  case.  The  DFB  laser  parameters  are 
typical  of  a  number  of  commercial  lasers  (e.g.,  Toshiba  model  TOLD335S-AH1,  Fujitsu 
model  FLD150F2KP)  as  are  the  Nd:YAG  parameters  (Lightwave  Electronics  Series  122, 


*  For  the  coherent  AM  and  DD  links,  the  received  optical  power  is  normalized  to  take  into  account  the 
intrinsic  loss  due  to  the  biasing  of  the  external  amplitude  modulator  at  the  half-power  transmission  point. 
This  is  for  the  purposes  of  a  fair  comparison  to  the  angle  modulated  links. 
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Amoco  Laser  Company  model  ALC  1320-25EHS).  The  quantities  in  Table  8-2  are 
defined  in  Appendix  A.2. 

Table  8-2.  Laser  parameters  used  in  numerical  calculations 


Linewidth  Av 
RIN  PSD  riR 
RIN  roll-off  freq./j? 

Throughout  our  analysis,  we  assume  a  receiver  front-end  thermal  noise  power  of 
3.31  X  10-22  a2/Hz,  corresponding  to  a  50  resistor  at  room  temperature.  This 
assumption  is  further  discussed  in  Section  8.3.3.  We  also  assume  that  the  two 
photodiodes  in  each  balanced  receiver  are  well-matched,  so  the  photodetector  matching 
factor  b  for  each  link  is  0.01  (b  is  defined  in  Appendix  A.2.5). 


SFDR,  dB, 
in  1  GHz 
bandwidth 


-30  -25  -20  -15  -10  -5  0  5  10 

Received  signal  optical  power,  dBm 


DFB  Laser  Diode  Nd:YAG  Laser 


10  MHz 

5  kHz 

-155  dB/Hz 

-110  dB/Hz 

3  GHz 

200  kHz 

Fig.  8-3.  SFDRs  of  DD,  AM,  PM,  and  FM  links  plotted  against  received  signal  optical 
power  for  a  DFB  laser  v^dth  parameters  in  Table  8-2. 

Fig.  8-3  compares  the  SFDR  of  the  various  links  vs.  normalized  transmitted  signal 
optical  power  (Pg)  for  the  DFB  laser  considered.  At  signal  power  levels  less  than  1  mW, 

the  SFDR  of  the  DD  link  is  dominated  by  receiver  thermal  noise,  and  its  curve  has  a  slope 
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of  4/3.  Above  1  mW,  shot  noise  and  RIN  become  significant.  In  the  RIN-limited  regime, 
the  DD  link  SFDR  is  independent  of  signal  power.  At  low  signal  levels,  the  coherent  AM 
link  SFDR  is  dominated  by  LO  shot  noise  (slope  of  2/3),  and  shows  a  marked  advantage 
over  the  DD  link.  At  higher  power  levels,  the  coherent  AM  link  has  an  intrinsic 
disadvantage  with  respect  to  the  DD  link  due  to  the  extra  baseband  RIN  and  shot  noise 
encountered  in  a  heterodyne  receiver.  At  very  low  signal  power  levels  (<  -30  dBm),  the 
SFDR  of  the  PM  and  FM  links  is  dominated  by  LO  shot  noise.  However,  above  -30 
dBm,  phase  noise  is  dominant  and  the  SFDR  is  essentially  independent  of  signal  power 
level  for  both  the  PM  and  FM  links. 


Fig.  8-4.  SFDRs  of  DD,  AM,  PM,  and  FM  links  plotted  against  received  signal 
optical  power  for  an  Nd.YAG  laser  with  parameters  in  Table  8-2. 


In  Fig.  8-4,  SFDR  is  plotted  vs.  for  the  Nd:YAG  laser  parameters  in  Table  8-2. 
At  low  signal  power  levels,  the  behavior  of  the  DD  and  AM  links  is  identical  to  that  with 
the  laser  diode.  However,  at  high  power  levels,  the  low  RIN  of  the  NdiYAG  laser  results 
in  a  higher  SFDR  for  both  the  AM  and  DD  links.  The  PM  and  FM  links  exhibit 
substantial  improvements  in  performance  compared  to  the  laser  diode  case,  due  almost 
entirely  to  the  decreased  phase  noise  of  the  Nd;YAG  laser.  The  PM  and  FM  links  exhibit 
larger  SFDRs  than  the  DD  link  up  to  a  signal  power  level  of  1 0  dBm. 

Fig.  8-5  shows  a  plot  of  SFDR  vs.  laser  linewidth  for  the  PM  and  FM  links  for 

values  of  -30  dBm,  -15  dBm,  and  0  dBm.  We  have  chosen  the  RIN  level  and  the  RIN  roll- 
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off  frequency  to  be  representative  of  the  laser  diode  in  Table  8-2.  The  signal  and  local 
oscillator  lasers  are  both  assumed  to  have  linewidths  equal  to  the  linewidth  value  at  each 
point  on  the  plot.  Due  to  the  inherent  immunity  of  PM  and  FM  links  to  RIN,  the  curves 
for  the  Nd:YAG  RIN  parameters  will  be  nearly  identical.  At  low  received  power  levels, 
the  linewidth  has  little  impact,  since  the  noise  is  dominated  by  thermal  noise.  At  high 
received  power  levels,  the  impact  of  phase  noise  on  the  PM  and  FM  links  is  severe,  with 
the  SFDR  being  reduced  by  7  dB  for  every  factor  of  1 0  increase  in  the  linewidth.  At 
signal  power  levels  of  -30  dBm,  -15  dBm,  and  0  dBm,  the  phase  noise  becomes  dominant 
over  all  other  noises  for  linewidths  of  5  MHz,  200  kHz,  and  5  kHz,  respectively. 


Linewidth,  Hz 

Fig.  8  -5.  SFDRs  of  PM  and  FM  links  plotted  versus  linewidth  for  received  signal  power 

levels  of  0  dBm,  -15  dBm,  and  -30  dBm. 

Fig.  8-6  shows  the  SFDR  of  the  PM  and  FM  links  vs.  the  intennediate  frequency 
(IF).  The  two  sets  of  curves  correspond  to  the  two  lasers  considered  (see  Table  8-2). 
For  a  signal  bandwidth  of  1  GHz,  increasing  the  IF  from  5  GHz  to  25  GHz  increases  the 
SFDR  by  approximately  10  dB  for  all  four  cases  shown.  The  increase  in  SFDR  is  due  to 
two  causes:  (1)  the  improved  linearity  of  the  frequency  discriminator  (which  is  utilized  in 
both  the  PM  and  FM  links),  and  (2)  the  reduced  RIN  at  frequencies  above  the  RIN  roll¬ 
off  frequency  (see  Appendix  A.2.4).  The  reduction  in  RIN  due  to  roll-off  plays  a  much 
more  significant  role  in  links  using  single-photodetector  receivers  than  in  links  using 
balanced  receivers;  for  the  cases  shown,  essentially  all  of  the  improvement  in  SFDR  is  due 
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to  the  improved  discriminator  linearity.  In  these  calculations,  we  have  again  assumed  that 
the  receiver  thermal  noise  PSD  is  independent  of  the  IF,  as  explained  at  the  beginning  of 
this  section. 


Fig.  8-6.  SFDRs  of  PM  and  FM  links  plotted  versus  IF  for  the  two  different 
sets  of  laser  parameters.  The  received  signal  optical  power  is  set  at  0.1  mW. 


At  low  received  signal  power  levels  (Ps  <  100  mW),  coherent  links  exhibit  notable 
SFDR  advantages  over  direct-detection  links.  This  is  expected  because  the  local  oscillator 
"pulls"  the  detected  signal  up  to  higher  levels,  and  thus  allows  operation  in  the  shot  noise 
limit  for  LO  power  levels  in  the  milliwatt  range  or  higher. 

For  PM  and  FM  links  at  low  power  levels,  the  shot  and  thermal  noise  dominate 
phase  noise  effects  and  the  PM  and  FM  links  exhibit  superior  perfonnance  to  AM  and 
DD  links.  For  laser  linewidths  of  10  MHz,  the  phase  noise  dominates  link  performance 
for  Ps  >  -30  dBm.  For  laser  linewidths  of  5  kHz,  the  phase  noise  dominates  link 
performance  for  >  0  dBm.  Figs.  8-3  to  8-5  show  that,  for  the  perfonnance  of  the  PM 
and  FM  links  to  exceed  that  of  a  DD  link  at  a  received  power  level  of  0  dBm,  the 
combined  linewidth  of  the  signal  and  LO  lasers  must  be  <  100  kHz.  In  the  PM  and  FM 
links,  a  balanced  receiver  suppresses  the  self-homodyne  RIN  terms,  as  is  the  case  in  AM 
links.  However,  because  there  is  no  signal  infonnation  in  the  envelope  of  PM  and  FM 
signals,  these  systems  can  use  a  limiter  to  suppress  heterodyne  RIN,  and  PM  and  FM 
links  can  thus  be  made  completely  insensitive  to  RIN. 
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8.3.2  RF  Power  Transfer  Ratio  and  Noise  Figure  Comparison 


Table  8-3  shows  the  values  of  component  parameters  which  we  used  in  the 
numerical  computation  of  link  RF  power  transfer  ratios  and  noise  figures.  The 
parameters  were  chosen  to  be  representative  of  realistic  system  components. 

Table  8-3.  Parameter  values  used  in  numerical  computation  of 
RF  power  transfer  ratios  and  noise  figures. 


Parameter 

Assumed  Value 

Parameter 

Assumed  Value 

LO  power 

10  mW 

Mod.  voltage  V„ 

15V 

RIN 

-155  dB/Hz 

HIPM  index  p 

1 

Relaxation  osc.  freq. 

2  GHz 

RC  time  constant 

1.21E-9S 

Laser  linewidth  Av 

10  kHz  or  1 

MHz 

Source  imped. 

50  Q. 

Signal  bandwidth  B 

1  GHz 

Conversion  loss  or 

6dB 

1  GHz 

Nonlinear  loss  L„, 

6dB 

Max.  sig.  freq. 

2  GHz 

Int.  freq.  f,p 

10  GHz 

Laser  FM  resp.  y 

1  GHz/mA 

Responsivity  r 

0.8 

The  RF  power  transfer  ratios  (PTRs)  of  the  angle-modulated  links  for  the  parameter 
values  in  Table  8-3  are  compared  to  those  of  the  direct  detection  link  in  Fig.  8-7;  these  RF 
PTRs  measure  the  efficiency  of  the  links  without  any  amplification.  As  a  result,  the  RF 
PTR  indicates  the  amount  of  amplification  which  is  required  for  the  link  output  power  to 
equal  the  link  input  power.  The  values  of  RF  PTR  in  Fig.  8-7  do  not  take  into  account 
excess  losses  in  the  link,  nor  do  they  count  the  power  required  to  drive  the  gain  section  of 
the  laser  in  the  direct  FM  case.  This  explains  why  actual  RF  gain  is  possible  in  the  direct 
FM  case  for  sufficiently  high  optical  powers.  The  main  point  of  Fig.  8-7  is  that  the 
directly  modulated  FM  link  has  far  lower  RF  loss  due  to  the  high  conversion  efficiency 
(on  the  order  of  1  GHz/mA)  of  input  RF  current  to  optical  frequency  deviation.  This 
efficiency  is  far  better  than  that  of  the  externally  modulated  direct  detection  or  angle 
modulated  links.  The  RF  loss  of  the  direct  detection  link  is  10  to  20  dB  less  than  that  of 
the  externally  modulated  PM  and  FM  links  due  to  the  large  losses  of  the  integrator  and 
discriminator  in  the  PM  and  FM  links.  Table  8-1  and  Fig.  8-6  make  clear  that  an  increase 
in  the  receiver  intermediate  frequency  improves  the  linearity  of  the 
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Fig.  8-7.  RP  power  transfer  ratios  of  a  directly  modulated  FM  link,  externally 
modulated  PM  and  FM  links,  and  a  direct  detection  link  plotted  versus  received 
signal  optical  power  for  the  parameter  values  in  Table  8-3. 
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Fig.  8-8.  Noise  figures  of  a  directly  modulated  FM  link,  externally  modulated 
PM  and  FM  links,  and  a  direct  detection  link  plotted  versus  received  signal 
optical  power  for  the  parameter  values  in  Table  8-3  and  two  different 
values  of  laser  linewidth. 
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discriminator  in  angle  modulated  links  and  hence  their  SFDR,  but  at  the  cost  of  greater  RF 
loss  in  the  link. 

The  noise  figures  of  the  four  links  are  compared  in  Fig.  8-8,  again  for  the 
parameters  in  Table  8-3.  The  values  of  noise  figure  are  extremely  high  since  there  is  no 
amplification  in  any  of  the  links  and  since  phase  noise,  RIN,  and  receiver  noises  are 
generated  in  the  link.  These  noise  figures  will  clearly  be  significantly  reduced  through  the 
use  of  suitable  low-noise  amplifiers  in  the  link  (from  Eq.  (C-24)  in  Appendix  C.l  .2).  The 
main  trends  of  note  in  Fig.  8-8  are  the  reduction  of  noise  figure  with  increasing  optical 
power  and  with  decreasing  linewidth.  In  the  direct  detection  link,  this  trend  is  strongly 
evident  since  the  receiver  thermal  noise  is  independent  of  optical  power.  In  the  angle 
modulated  links,  the  output  SNR  does  not  depend  on  optical  power  if  the  linewidth  is  the 
dominant  noise  in  the  link,  which  explains  the  constant  link  noise  figures  for  a  linewidth 
of  1  MHz. 

8.3.3  Implementation  Considerations 

In  this  section,  we  discuss  some  limitations  of  the  system  models  used  and 
practical  considerations  based  on  the  characteristics  of  real  components.  In  Section 
8.3.3. 1,  we  consider  optical  frequency  modulation.  In  Section  8. 3. 3. 2,  we  consider 
operation  at  high  intermediate  frequencies. 

8.3.3.}  Optical  Frequency  Modulation 

There  are  two  major  methods  of  generating  FM  optical  signals:  direct  modulation 
of  a  laser  diode  and  using  an  external  modulator.  In  direct  modulation,  FM  is  obtained  by 
modulating  the  current  applied  to  a  laser  diode.  Ideally,  such  a  laser  has  a  linear  frequency 
versus  current  characteristic  and  does  not  exhibit  spurious  amplitude  modulation.  Multi¬ 
section  DFB  and  DBR  lasers  come  closest  to  achieving  these  objectives.  However,  some 
degree  of  spurious  amplitude  modulation  is  observed  in  all  directly  modulated  lasers. 
Such  amplitude  modulation  is  suppressed  in  the  systems  analyzed  through  the  use  of  a 
limiter,  which  also  serves  to  reduce  the  impact  of  laser  RIN. 

In  our  nonlinearity  analysis,  we  have  assumed  that  the  nonlinearities  of  the  FM 
system  are  dominated  by  the  nonlinear  transfer  characteristic  of  the  discriminator  filter. 
In  an  actual  system,  it  is  not  clear  that  the  nonlinearity  of  the  frequency  versus  current 
characteristic  of  the  laser  will  be  insignificant  compared  to  the  nonlinearity  of  the 
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discriminator.  In  principle,  nonlinearities  in  the  frequency  vs.  current  characteristic  can  be 
compensated  for  in  the  discriminator  filter.  However,  it  is  unattractive  to  have  to 
customize  the  discriminator  filter  characteristic  for  a  given  laser.  This  suggests  that  the 
development  of  lasers  with  a  highly  stable  and  linear  (or  at  least  a  reproducible)  frequency 
versus  current  characteristic  is  desirable  if  high  dynamic  range  FM  links  are  to  be 
obtained. 

The  use  an  external  phase  modulator  with  an  integrator  at  its  input  is  known  as 
indirect  FM  [2].  The  optical  phase  modulator  is  a  nearly  ideal,  linear  modulator.  An  ideal 
integrator  has  an  amplitude  transmission  inversely  proportional  to  frequency,  a  constant 
group  delay,  and  linear  phase  [3].  Nonlinearities  will  tend  to  arise  in  the  transmitter  from 
a  nonideal  integrator.  We  have  modeled  our  integrator  as  a  lowpass  filter  with  a  single¬ 
pole  rolloff,  which  for  frequencies  much  larger  than  the  3  dB  bandwidth  is  very  close  to 
an  ideal  integrator.  The  cost  of  this  highly  linear  integration  is  RF  loss,  which  must  be 
compensated  for  using  amplification  after  integration.  Also,  due  to  the  limited  phase 
swing  of  external  phase  modulators  (and  hence  the  limited  achievable  frequency  deviation, 
as  discussed  in  Appendix  C.  1 .3),  a  larger  input  power  must  be  expended  using  an  external 
modulator  than  direct  modulation  of  a  laser  diode. 

8. 3. 3. 2  Operation  at  High  Intermediate  Frequencies 

The  improved  linearity  and  RIN  suppression  achieved  in  the  PM  and  FM  links  is 
associated  with  operation  at  a  high  IF.  There  are,  however,  practical  limitations  to  the  IF 
based  on  available  component  technology.  Using  commonly  available  microwave 
components,  IFs  in  the  10  -  20  GHz  range  are  practical.  Substantially  higher  IFs  may  be 
difficult  or  expensive  to  achieve.  Additionally,  in  principle,  receivers  operating  at  lower 
frequencies  can  use  higher  input  impedances  to  achieve  lower  thermal  noise  power 
spectral  densities  (PSDs)  than  those  operating  at  high  frequencies  [4].  However,  to 
utilize  standard  microwave  amplifiers  with  input  impedances  of  50  W,  it  is  convenient  to 
use  photodiodes  with  an  output  impedance  of  50  W.  There  are  a  number  of  commercial 
photodiodes  with  3  dB  frequencies  of  >  20  GHz  which  provide  a  50  W  output 
impedance  (e.g.,  BT&D  model  no.  PDC4310).  We  assume  that  such  a  photodiode  is 
utilized  in  the  systems  we  have  analyzed. 

The  increased  SFDR  associated  with  increasing  the  IF  is  due  primarily  to  the 
improved  linearity  of  the  delay-line  discriminator  at  high  frequencies  (a  secondary  effect 
is  a  reduction  in  RIN).  This  SFDR  improvement  will  only  be  evident,  however,  if 
adequate  amplification  is  provided  in  the  receiver  to  compensate  for  the  increased  loss  due 
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to  the  small  slope  of  the  discriminator  frequency  response.  At  some  point,  other 
nonlinear  effects  may  become  dominant,  and  increasing  the  IF  will  not  necessarily  lead  to 
further  increases  in  the  SFDR. 
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Chapter  Nine 


Reference  Transport  Links:  Interferometric  Approach 


In  this  chapter,  we  consider  reference  transport  as  a  means  of  transmitter  phase 
noise  cancellation  (PNC)  in  angle-modulated  analog  links.  In  Section  9.1,  we  introduce  the 
reference  transport  concept  and  describe  our  motivation  for  investigating  it.  In  Section 
9.2,  we  describe  conventional  approaches  and  why  they  do  not  work  for  coherent  angle- 
modulated  analog  links.  We  then  present  our  novel  approach  to  deal  with  the  PNC 
problem,  which  utilizes  interferometric  links.  In  Section  9.3,  we  describe  our  novel 
approach  to  optical  frequency  shifting  through  sideband  generation  using  electro-optic 
external  modulation  and  other  possible  approaches.  In  Section  9.4,  we  describe  angle 
modulated  heterodyne  interferometric  links,  which  are  based  upon  the  novel  approach  of 
section  9.3,  and  give  SNRs,  SFDRs,  RF  power  transfer  ratios,  and  noise  figures  for  both 
phase  and  frequency  modulation.  In  Section  9.5,  we  describe  angle  modulated  homodyne 
interferometric  links  and  give  SNRs,  SFDRs,  RF  power  transfer  ratios,  and  noise  figures 
for  both  phase  and  frequency  modulation.  In  Section  9.6,  we  compare  the  SFDRs,  RF 
power  transfer  ratios,  and  noise  figures  of  the  links  in  Sections  9.4  and  9.5  with  those  of 
intensity-modulated  direct  detection  (IMDD)  and  coherent  angle-modulated  links.  In 
Section  9.7,  we  describe  and  give  results  for  a  proof-of-concept  HIPM  link  built  in  our 
laboratory.  Section  9.8  contains  references. 

9.1  Introduction:  Reference  Transport  Links 

As  seen  in  Chapter  8,  laser  phase  noise  is  the  primary  factor  limiting  the  SFDR  of 
coherent  angle-modulated  analog  links,  particularly  those  using  semiconductor  lasers. 
Techniques  to  reduce  or  eliminate  the  impact  of  phase  noise  are,  as  a  result,  of  great 
interest  for  these  links.  Reference  transport  techniques  for  PNC  modulate  only  part  of 
the  source  laser  power  while  transporting  the  remainder  to  the  receiver.  That  power  is 
used  as  a  reference  to  cancel  the  phase  noise  of  the  transmitter.  Such  systems  can  be 
realized  in  a  variety  of  ways  which  may  bear  little  resemblance  to  each  other. 

In  basic  reference  transport  systems,  the  power  from  the  source  laser  is  split 
before  modulation.  The  light  in  one  of  these  anns  is  modulated  with  the  signal,  while  the 
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light  on  the  second  arm  is  sent  to  the  receiver  through  an  auxiliary  path  and  used  as  the 
local  oscillator  (Fig.  9-1).  An  auxiliary  path  can  be  realized  in  a  variety  of  ways,  including 
a  separate  fiber  or  an  orthogonal  polarization  in  a  single  fiber  [1].  The  optical  portion  of 
this  system  is  essentially  an  interferometer.  In  order  to  obtain  the  desired  performance, 
the  phase  of  the  optical  carrier  in  the  reference  arm  must  be  related  to  that  in  the  signal 
arm.  This  means  that  the  optical  lengths  of  the  two  arms  must  be  matched  to  within  a 
fraction  of  the  coherence  length  of  the  source  laser;  for  laser  diodes  with  linewidths  on  the 
order  of  100  MHz,  this  requires  matching  path  lengths  to  within  less  than  1  m.  Note  that 
this  kind  of  approach  cannot  be  used  for  coherent  links,  since  the  phase  noise  of  the  local 
oscillator  (LO)  laser  cannot  be  canceled. 


Input 

signal 


Fig.  9-1.  A  basic  reference  transport  system  employing  an  additional  fiber  to  deliver  the 

local  oscillator  signal  to  the  receiver. 


Input 

signal 


Fig.  9-2.  Reference  transport  system  utilizing  an  unmodulated  carrier  as  a  reference. 

A  more  sophisticated  reference  transport  system  [2]  is  shown  in  Fig.  9-2.  It  has 
no  auxiliary  path  and  a  second  laser  can  be  used  as  the  LO.  The  operation  of  this  system 
depends  on  the  presence  of  a  strong  unmodulated  carrier  term  embedded  in  the  received 
signal  spectrum.  In  the  receiver,  the  unmodulated  carrier  is  separated  from  the  modulated 
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signal  spectrum  and  used  as  a  reference,  allowing  cancellation  of  phase  noise.  This 
technique  is  applicable  when  there  is  appreciable  power  in  the  carrier  and  when  the  signal 
sidebands  are  well  separated  from  the  carrier. 

Reference  transport  links  like  that  of  Fig.  9-2  have  been  used  successfully  in 
narrowband  phase-modulated  analog  links  [2,  3].  This  is  because  the  small  modulation 
index  («  1)  of  narrowband  phase-modulated  signals  allows  the  signal  to  be  expanded  as 
so; 


cos(£Uf  +  ^[jc(0])  =  cos(ta/)cos((p[jc(t)])  -  sin(m/)sin(fl)[ar(r)]) 


( 


cos(ci)t)- 


3! 


sin(tor) 


(9.1) 


Eq.  (9.1)  shows  that  the  signal  sideband  (p[j:(/)]sin(tur),  which  is  an  AM  signal, 
can  be  filtered  out  and  demodulated  just  as  in  the  heterodyne  AM-WIRNA  link.  In  this 
case,  the  signal  will  be  distorted  by  third-order  intermodulation  distortion  (IMD) 
products  of  exactly  the  same  form  as  in  AM-WIRNA.  The  SFDR  perfonnance  and 
bandwidth  requirements  of  narrowband  angle-modulated  links,  as  a  result,  are  identical  to 
those  of  AM-WIRNA. 

As  described  in  Chapter  1,  a  modulation  index  of  at  least  1  is  required  for  angle- 
modulated  links  to  show  a  significant  SNR  improvement  over  AM  links.  To  detect  the 
resulting  wideband  signal,  a  delay-line  discriminator  which  mixes  the  signal  and  a  delayed 
version  of  itself  (shown  in  Figs.  9-7  and  9-8)  is  required.  This  discriminator  behaves 
differently  from  a  heterodyne  AM  demodulator.  During  this  project  we  have  investigated 
the  feasibility  of  reference  transport  for  wideband  angle-modulated  links. 


9.2  Reference  Transport  in  Analog  Links 


In  Sections  9.2.1  and  9.2.2,  we  describe  why  conventional  reference  transport 
techniques  cannot  be  applied  to  analog  angle-modulated  links.  In  Section  9.2.3,  we 
consider  how  reference  transport  techniques  can  be  applied  to  these  links. 
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9.2.1  Reference  Transport  in  Links  Using  Direct  FM 

A  link  using  direct  FM  is  shown  in  Fig.  8-2(b),  and  the  link  analysis  is  given  in 
Appendix  C.1.1.  The  signal  entering  the  discriminator,  omitting  white  noise  terms,  is 

proportional  to  cos  cot  +  co^jxif  )df  +  Ai)(t)  .  This  can  be  written  in  the  form 


a)^x(r’)+— Au(r’) 

dt 


(9.2) 


The  results  of  Appendix  A.2.3  indicate  that  the  derivative  of  the  laser  phase  noise 
process  is  white  noise.  As  a  result,  laser  phase  noise  in  links  using  direct  FM  is 
equivalent  to  white  noise  in  the  original  applied  RF  signal;  this  noise  is  clearly  not 
removable  using  electronic  processing  at  the  receiver. 

The  above  statement  is  validated  by  the  following  brief  discussion  of  the  residual 
carrier  approach  of  Fig.  9-2.  Fig.  9-3  shows  the  frequency  spectrum  of  an  FM  signal 
corrupted  by  phase  noise. 


f 


Fig.  9-3.  Frequency  spectrum  of  an  FM  signal  corrupted  by  phase  noise. 

The  dashed  lines  show  the  frequency  response  of  an  idealized  reference  filter. 
After  the  filtered  carrier  component  is  mixed  with  the  corrupted  FM  signal,  an  FM  signal 
is  recovered  which  is  corrupted  only  by  the  tails  of  the  phase  noise  which  lay  outside  the 
reference  filter  bandwidth.  After  detection,  the  power  spectrum  of  the  detected  signal  is 
then  corrupted  by  Sg,{(o)S„pp{(o)Sp{o)),  where  Sfl,(£y)  and  S^ico)  are  the  power  spectra 
of  the  phase  noise  and  the  discriminator,  respectively.  S^ppico)  is  ideally  equal  to  0  from 
DC  to  a  frequency  equal  to  half  the  width  of  the  reference  filter  and  1  for  all  other 
frequencies.  Since  the  derivative  of  the  laser  phase  noise  process  is  white  noise,  the 
detected  signal  is  corrupted  by  white  noise  with  a  "hole"  at  DC.  It  is  impossible  for  this 


141 


hole  to  extend  to  the  signal  frequency  band  unless  the  reference  filter  is  of  width  greater 
than  twice  the  maximum  signal  frequency;  the  detected  signal  will  then  be  severely 
distorted,  since  the  reference  filter  will  then  pass  frequency  components  other  than  the 
carrier. 

9.2^  Reference  Transport  in  Links  Using  External  PM  or  FM 

Externally  modulated  coherent  links  using  PM  and  FM  are  shown  in  Figs.  8-1  and 
8-2(a),  respectively.  The  FM  photocurrent  for  these  links  is  of  an  identical  form  to  Eq. 
(9.2),  and  hence  the  residual  carrier  method  of  section  9.2.1  will  not  work.  The  PM 
photocurrent  is  of  the  form  cos(m/+ + Au(r)).  Though  this  looks  slightly 

different  from  Eq.  (9.2),  the  laser  phase  noise  in  links  using  external  PM  is  equivalent  to 
noise  in  the  original  applied  RF  signal  with  power  spectral  density  given  in  Eq.  (A.  18)  of 
Appendix  A.2.3.  As  a  result,  the  arguments  of  section  9.2.1  again  apply. 

It  is  certainly  possible  to  cancel  phase  noise  in  externally  modulated  links  by  using 
a  two-fiber  approach  such  as  that  in  Fig.  9-1.  The  problem  with  this  method  is  that  since 
there  is  no  LO  laser,  the  detected  photocurrent  is  at  baseband.  This  is  acceptable  for 
digital  systems  using  phase-shift-keying  (PSK)  [4],  Analog  links  using  FM  or  PM, 
however,  use  discriminators  which  must  operate  at  an  IF  frequency  much  larger  than  the 
maximum  signal  frequency.  Any  reference  transport  approach  which  will  succeed  for 
analog  angle-modulated  links,  therefore,  must  generate  an  angle-modulated  signal  at  an  IF 
before  demodulation  without  using  an  LO  laser. 

9.2.3  Our  Novel  Approach:  Interferometric  Links 

The  name  "interferometric  links"  refers  to  the  novel  class  of  reference  transport 
links  which  (a)  cancel  phase  noise  by  splitting  power  from  the  transmitter  laser  and 
transporting  this  reference  with  the  optical  signal  to  the  receiver,  in  a  single  fiber  or  in 
separate  fibers;  and  (b)  generate  an  angle-modulated  signal  at  an  IF  before  demodulation 
without  using  an  LO  laser.  There  are  two  types  of  interferometric  links.  A  heterodyne 
interferometric  link  is  shown  in  Fig.  9-4.  In  this  link,  references  separated  from  the 
transmitter  laser  frequency  by  the  desired  IF  are  generated  using  optical  single-sideband 
frequency  shifting  or  sideband  generation.  The  received  photocurrent  is  then  at  the 
desired  IF,  and  demodulation  can  take  place  immediately  after  IF  amplification. 
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Fig.  9-4.  Heterodyne  interferometric  link  using  optical  single-sideband 

frequency  shifter. 


A  homodyne  interferometric  link  is  shown  in  Fig.  9-5.  In  this  link,  the  received 
photocurrent  is  at  baseband,  which  means  that  the  desired  IF  signal  must  be  generated 
electrically  (using  mixers).  An  idealized  homodyne  interferometric  link  is  analogous  to  an 
idealized  heterodyne  interferometric  link  in  that  both  require  single-sideband  frequency 
shifters,  one  at  microwave  frequencies  and  the  other  at  optical  frequencies. 

Transmitter 


Fig.  9-5.  Homodyne  interferometric  link  using  microwave  single-sideband 

frequency  shifter. 


9.3  Optical  Frequency  Shifting  in  Heterodyne  Interferometric 
Links 


The  ideal  optical  frequency  shifter  for  use  in  a  heterodyne  interferometric  link  is 
lossless  and  transfers  the  input  optical  power  fully  to  an  optical  frequency  separated 
from  the  original  frequency  by  the  desired  IF  without  generation  of  spurious  components. 
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In  Section  9.3.1,  we  briefly  describe  the  state-of-the-art  in  true  single-sideband  (SSB) 
optical  frequency  shifters.  In  Section  9.3.2,  we  present  a  novel  electro-optic  sideband 
generator  which  can  generate  the  desired  reference  with  relatively  low  loss  for  desired  IFs 
well  above  10  GHz. 

9.3.1  Single-Sideband  Optical  Frequency  Shifters 

SSB  optical  frequency  shifting  for  interferometric  links  can  be  performed  using 
acousto-optic  or  magneto-optic  modulation  of  the  reference.  In  both  cases,  acoustic  or 
magnetic  waves  are  propagated  in  a  material  which  will  generate  the  desired  phase  grating, 
which  has  maxima  spaced  by  a  distance  corresponding  to  the  desired  IF  frequency.  After 
passing  through  the  material,  the  input  reference  field  is  split  into  several  diffraction 
orders,  each  separated  from  the  input  reference  by  some  multiple  of  the  IF.  The  nice 
feature  of  these  approaches  is  that  true  single-sideband  frequency  shifting  by  the  IF 
occurs  for  the  first  diffraction  order.  The  problems,  however,  are  numerous.  There  is 
tremendous  loss  of  more  than  20  dB  due  to  the  low  conversion  efficiency  of  the  first 
diffracted  order  of  the  grating.  It  is  very  difficult  to  integrate  such  an  optical  frequency 
shifter  into  a  rugged,  compact  form,  and  there  will  be  significant  additional  loss  due  to 
coupling  of  the  first  diffracted  order  into  a  fiber.  Though  magneto-optic  shifters  have 
been  demonstrated  which  operate  at  above  10  GHz  [5],  acousto-optic  shifters  are  limited 
to  IFs  of  a  few  GHz  by  acoustic  attenuation  and  transducer  fabrication  limitations  [6]. 


Fig.  9-6.  Two  implementations  of  an  electro-optic  quasi-SSB  frequency  shifter. 
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93^  A  Novel  Approach:  Sideband  Generation  Using  External  Modulation 


We  present  a  novel  electro-optic  modulation  technique  which  can  be  used  in  the 
reference  leg  to  generate  a  phase-modulated  signal  which  has  significant  components  at  the 
desired  IF  above  and  below  the  laser  optical  frequency.  This  method  can  generate  an 
angle-modulated  signal  at  an  IF  at  the  receiver  with  a  small  penalty  relative  to  ideal  SSB 
frequency  shifting  and  is  well-suited  to  monolithic  integration  with  other  electro-optic 
devices.  We  refer  to  it  as  quasi-SSB  frequency  shifting.  The  signal  modulator  could  be 
any  sort  of  external  modulator,  but  it  is  only  sensible  to  use  external  PM  or  FM. 

Fig.  9-6  shows  two  functionally  identical  implementations  of  the  quasi-SSB 
frequency  shifter.  In  Fig.  9-6(a),  the  modulator  legs  are  phase  modulated  by  quadrature 
CW  RF  signals  at  the  desired  shifting  frequency.  The  DC  optical  phase  bias  between  the 
legs  must  be  pH,  which  is  the  same  bias  required  in  a  typical  MZ  amplitude  modulator. 
In  Fig.  9-6(b),  the  frequency  shifter  is  implemented  using  a  MZ  amplitude  modulator 


followed  by  a  phase  modulator  (the  order  of  the  two  sections  is  irrelevant).  For 
(p^{t)  =  licos{co,f,t)  +  ^  and  (p^(t)  =  the  output  field  phasor  for  a  bias 


phase  of  pH  is  easily  shown  to  be 


where  £,„(0  is  the  input  optical  field  phasor.  The  first  term  is  the  desired  SSB 

frequency-shifted  optical  field,  while  the  other  terms  are  the  unshifted  carrier  and  higher- 
order  terms.  If  0),^  is  much  larger  than  the  modulating  signal  bandwidth  (which  must  be 
the  case  in  any  angle-modulated  analog  system),  the  undesired  cross  terms  between  the 
signal  and  the  output  of  the  frequency  shifter  can  be  filtered  out  in  the  post-detection 
electronics.  The  implementation  in  Fig.  9-6(b),  which  is  used  in  the  experiment  in  Section 

9.7,  is  equivalent  to  that  in  Fig.  9-6(a)  for  (p^it)  =  —{(Pi{t)- (PniO)  and 
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9.4  Heterodyne  Interferometric  Links 


In  this  section,  we  present  heterodyne  interferometric  links  using  phase 
modulation  (HIPM)  and  frequency  modulation  (HIFM).  We  give  their  performance 
measures,  including  SNR,  SFDR,  RF  power  transfer  ratio,  and  noise  figure.  We  then 
briefly  discuss  implementation  details  for  this  type  of  link. 

9.4.1  Link  Description 

The  heterodyne  interferometric  link  is  shown  in  Fig.  9-7.  The  transmitter  consists 
of  a  CW  laser  and  a  novel  three-leg  modulator.  The  modulator  is  an  integrated  version  of 
the  electro-optic  sideband  generator  of  Section  9.3.2,  with  one  leg  driven  by  the  signal  and 
the  other  two  legs  driven  by  quadrature  CW  RF  signals  at  a  frequency  wif  and  optically 
phase  shifted  by  pH  from  each  other.  After  traversing  a  fiber-optic  link,  the  signal  is 
detected  at  the  receiver.  The  optical  signals  of  the  second  and  third  legs  of  the  modulator 
mix  with  the  signal  at  the  detector  and  result  in  a  series  of  single-sideband  signals  at 
multiples  of  wif.  Following  IF  amplification  and  filtering,  the  signal  is  limited.  It  is  then 
put  through  a  delay-line  filter,  an  envelope  detector,  and  an  integrator;  these  three 
components  function  in  tandem  as  a  phase  demodulator.  We  refer  to  the  entire  system  as 
an  HIPM  link.  An  HIFM  link  has  only  one  difference,  which  is  that  the  integrator 
precedes  the  signal  leg  of  the  phase  modulator  rather  than  following  the  envelope  detector. 


Receiver 


Fig.  9-7.  Phase-modulated  implementation  of  HIPM  link  with 
novel  electro-optic  modulator. 
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9A2  Signal-to-Noise  Ratio  (SNR) 


The  derivation  of  the  HIPM  and  HIFM  link  SNRs  are  given  in  Appendix  C.2.1. 
The  expressions  are 

f4RPJ,iP)'^ _ ^ 

+  +  j  {'^KINbp) 

(9.4) 

'4RPJ,0)^ _ B^(x\t)) _ 

(9.5) 

where  <p^  is  the  HIPM  modulation  index,  —  is  the  HIFM  modulation  index  (traditional 

B 

FM  modulation  index  scaled  by  2;r),  R  is  the  photodiode  responsivity,  P  is  the  laser 
optical  power  assuming  that  link  and  modulator  excess  loss  are  compensated  by 
amplification  in  the  link,  B  is  the  signal  bandwidth,  {x^{t))  is  the  power  of  the  applied 
signal  (assumed  equal  to  1),  and  jS  is  the  amplitude  of  the  applied  IF  sinusoids.  The 
noise  terms  in  the  denominators  are  defined  in  Appendix  A. 2. 

9.4.3  Spurious-free  Dynamic  Range  (SFDR) 


SNR 


HIFM 


B 


SNRffipu  —  (p^ 


The  SFDR  of  both  links  can  be  expressed  by 


SFDR  = 


85N/?, 

3\b^\ 


,2/3 


(9.6) 


where  SNR^  is  defined  as  the  terms  in  square  brackets  in  Eqs.  (9.4)  and  (9.5)  and  \b^\  ,  the 

j  ^  V  \  B  V 

third-order  nonlinearity  coefficient,  is  —  — for  the  HIPM  link  and  —  — — -  for 

61, 4/, J 

the  HIFM  link. 
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9.4.4  RF  Power  Transfer  Ratio  and  Noise  Figure 


The  derivation  of  RP  power  transfer  ratio  and  noise  figure  for  the  HIPM  and 
HIFM  links  is  given  in  Appendix  C.2.2.  The  expressions  are 


~  ^opHHIFM) 


^  1  Vl6 


7t 


(9.7) 


where  and  C^,  are  parameters  of  the  integrating  lowpass  filter,  R^  is  the  receiver 
impedance,  and  is  the  nonlinear  loss  of  the  limiter  and  the  envelope  detector. 

The  noise  figures  of  the  HIPM  and  HIFM  links  are  given  by 


p  _  ,  ,  noise  power  at  link  output 

^(iink)  -  I  ~  rrr 


(9.8) 


where  kTB  represents  the  thermal  noise  power  at  the  link  input.  The  noise  powers  at  the 
link  output  are  given  in  Appendix  C.2.2. 

9.5  Homodyne  Interferometric  Angle  Modulated  Links 

in  this  section,  we  present  homodyne  interferometric  links  using  phase 
modulation  (HPM)  and  frequency  modulation  (HFM).  We  give  their  performance 
measures,  including  SNR,  SFDR,  RF  power  transfer  ratio,  and  noise  figure.  We  then 
briefly  discuss  implementation  details  for  this  type  of  link. 

9.5.1  Link  Description 

The  homodyne  interferometric  link  is  shown  in  Fig.  9-8.  The  objective  of  the 
homodyne  interferometric  link,  as  described  in  Section  9.2.3,  is  to  generate  a  photocurrent 
at  a  desired  intermediate  frequency  before  the  IF  amplifier  by  using  microwave 
components  to  perform  the  necessary  frequency  shifting.  This  objective  is  achieved  as 
follows.  The  output  of  a  CW  laser  is  modulated  using  a  Mach  Zehnder  modulator  with 
two  outputs.  A  two-output  modulator  is  usually  constructed  with  a  built-in  3-dB 
coupler  directly  preceding  the  outputs.  The  dc  bias  phase  between  the  two  legs.y),,  is 
arbitrary.  The  two  outputs  of  the  Mach  Zehnder  modulator  are  put  through  another  3- 
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dB  coupler  and  a  90<»  optical  hybrid  before  detection  at  the  receiver.  At  the  receiver,  the 
two  detected  currents  are  mixed  up  to  an  IF  by  quadrature  signals,  added,  and  put  through 
an  identical  receiver  to  that  of  the  heterodyne  interferometric  link.  We  refer  to  the  entire 
system  as  an  HPM  link.  An  HFM  link  has  only  one  difference,  which  is  that  the 
integrator  precedes  the  signal  leg  of  the  phase  modulator  rather  than  following  the 
envelope  detector. 


9.5.2  Signal-to-Noise  Ratio  (SNR) 

The  derivation  of  the  HPM  and  HFM  link  SNRs  are  given  in  Appendix  C.3.1. 
The  expressions  are 
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where  (p^  is  the  HPM  modulation  index,  — ^  is  the  HFM  modulation  index  (traditional 

B 

FM  modulation  index  scaled  by  2it),R  is  the  photodiode  responsivity,  P  is  the  laser 
optical  power  assuming  that  link  and  modulator  excess  loss  are  compensated  by 
amplification  in  the  link,  B  is  the  signal  bandwidth,  and  {x'{t)^  is  the  power  of  the 

applied  signal  (assumed  equal  to  1).  The  noise  terms  in  the  denominators  are  defined  in 
Appendix  A.2  and  Appendix  C.3.1. 

9.5,3  Spurious-free  Dynamic  Range  (SFDR) 

The  SFDR  of  both  links  can  be  expressed  by 


SFDR  = 


SSNR„ 


(9.11) 


where  SNR^  is  defined  as  the  terms  in  square  brackets  in  Eqs.  (9.9)  and  (9.10)  and  \b^\  , 

1  ^  jrf  ^ '  1^5^^ 

the  third-order  nonlinearity  coefficient,  is  —  — ^  for  the  HPM  link  and  —  - 

6(2/,J  61,4/, J 

for  the  HFM  link. 


9.5.4  RF  Power  Transfer  Ratio  and  Noise  Figure 

The  derivation  of  RF  power  transfer  ratio  and  noise  figure  for  the  HPM  and  HFM 
links  is  given  in  Appendix  C.3.2.  The  expressions  are 
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(9.12) 


where  R  and  C  are  parameters  of  the  integrating  lowpass  filter,  R^  is  the  receiver 
impedance,  and  is  the  nonlinear  loss  of  the  limiter  and  the  envelope  detector. 

The  noise  figures  of  the  HPM  and  HFM  links  are  given  by 


^(lint)  —  1 


noise  power  at  link  output 


(9.13) 


where  kTB  represents  the  thermal  noise  power  at  the  link  input.  The  noise  powers  at  the 
link  output  are  given  in  Appendix  C.3.2. 

9.6  Comparison  of  Interferometric  Angle  Modulated  Links 

In  this  section,  we  compare  the  performance  of  the  interferometric  angle 
modulated  links  as  measured  by  SFDR  (Section  9.6.1),  RP  power  transfer  ratio,  and  noise 
figure  (Section  9.6.2).  We  discuss  implementation  considerations  for  interferometric  angle 
modulated  links  in  Section  9.6.3. 


9.6.1  SFDR  Comparison 

Fig.  9-9  compares  the  SFDRs  of  the  heterodyne  interferometric  links,  the 
homodyne  interferometric  links,  and  a  direct  detection  link  for  a  laser  RIN  of -155  dB/Hz. 
The  value  of  linewidth  has  no  bearing  on  this  plot  due  to  the  reference  transport  in  the 
interferometric  links.  Since  the  reference  of  the  interferometric  links  is  split  from  the 
transmitter  laser  instead  of  from  a  separate  local  oscillator  laser,  the  SFDR  of 
interferometric  links  is  also  limited  by  thermal  noise  at  optical  powers  below  1  mW.  The 
improved  discriminator  linearity  due  to  the  high  intermediate  frequency  compensates  for 
the  intrinsic  losses  of  the  interferometric  modulator  structures  (three-leg  modulator  for 
heterodyne,  optical  hybrid  for  homodyne).  The  potential  SFDR  advantages  for 
heterodyne  and  homodyne  interferometric  links  at  low  powers  are  about  6  dB  and  2  dB, 
respectively.  As  the  received  signal  optical  power*  increases  above  1  mW,  the 

*  For  the  interferometric  and  DD  links,  the  received  optical  power  is  normalized  to  take  into  account  the 
intrinsic  loss  due  to  the  biasing  or  other  intrinsic  losses  of  the  external  modulators.  This  is  for  the 
purposes  of  a  fair  comparison  to  the  coherent  angle  modulated  links. 
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Fig.  9-9.  SFDRs  of  HIFM,  HIPM,  HFM,  HPM,  and  DD  links  plotted  versus  received 
signal  optical  power  for  laser  RIN  of -155  dB/Hz  and  a  laser  linewidth  of  100  kHz. 


SFDR,  dB, 
in  1  GHz 
Bandwidth 


Received  signal  optical  power,  dBm 


Fig.  9-10.  SFDRs  of  HIFM,  HIPM,  HFM,  HPM,  coherent  FM,  and  coherent  PM  links 
plotted  versus  received  signal  optical  power  for  a  laser  RIN  of  -155  dB/Hz 
and  a  laser  linewidth  of  100  kHz. 
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heterodyne  interferometric  links  begin  to  outperform  the  DD  and  homodyne 
interferometric  links.  This  is  because  the  heterodyne  links  are  impacted  by  bandpass 
RIN,  which  is  suppressed  at  frequencies  far  above  the  laser  relaxation  resonance 
frequency.  The  homodyne  links  are  impacted  by  baseband  RIN  and  gain  little  relative  to 
the  DD  link.  Another  trend  in  Fig.  9-9  is  that  the  advantage  of  the  FM  links  over  the  PM 
links  tends  to  decrease  at  optical  powers  above  1  mW.  For  powers  below  1  mW,  the  FM 
links  outperform  the  PM  links  because  the  higher  frequencies  of  the  1  GHz  to  2  GHz 
signal  are  suppressed  by  the  integrator  in  the  FM  transmitter.  Since  the  delay-line 
discriminator  is  more  linear  for  lower  signal  frequencies,  the  SFDR  of  the  FM  links  is 
higher  than  that  of  the  PM  links.  For  powers  above  1  mW,  the  impact  of  the  laser  RIN 
affects  the  FM  links  more  than  the  PM  links  because  the  signal  frequencies  are  not  at 
baseband,  causing  a  noise  augmentation  effect  (relative  to  PM)  during  demodulation.  The 
HIFM  link  shows  an  1 1  dB  SFDR  advantage  over  the  DD  link  at  a  10  mW  optical  power. 


Received  signal  optical  power,  dBm 


Fig.  9-11.  SFDRs  of  HIFM,  HIPM,  HFM,  HPM,  and  DD  links  plotted  versus  received 
signal  optical  power  for  a  laser  RIN  of  -130  dB/Hz  and  a  laser  linewidth  of  100  kHz. 


Fig.  9-10  shows  the  SFDRs  of  the  interferometric  links  and  the  coherent  angle 
modulated  links  plotted  versus  received  signal  optical  power  for  a  laser  RIN  of  -155 
dB/Hz  and  a  laser  linewidth  of  100  kHz.  For  this  value  of  linewidth,  the  SFDRs  of  the 
coherent  links  are  essentially  constant  over  the  entire  range  of  optical  powers,  since  the 
laser  linewidth  is  the  dominant  source  of  noise.  The  coherent  FM  link  exhibits  an  1 1  dB 
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SFDR  advantage  over  the  HIFM  link  at  1 00  tiW  optical  power.  The  interferometric  links 
begin  to  outperform  the  coherent  links  at  optical  powers  in  the  1  to  2  mW  range,  with  the 
HIFM  link  showing  a  10  dB  SFDR  advantage  over  the  coherent  FM  link  at  10  mW 
optical  power. 

Fig.  9-1 1  shows  the  significantly  larger  SFDR  improvements  made  possible  by  the 
heterodyne  interferometric  links  for  a  laser  RIN  of  -130  dB/Hz.  In  this  case,  the  HIPM 
link  outperforms  the  HIFM  link  for  optical  powers  larger  than  about  2  mW,  for  the  same 
reason  cited  in  the  description  of  Fig.  9-9.  At  an  optical  power  of  10  mW,  the  HIPM  link 
exhibits  a  23  dB  SFDR  advantage  over  the  DD  link. 


Fig.  9-12.  SFDRs  of  HIFM,  HIPM,  HFM,  HPM,  coherent  FM,  and  coherent  PM  links 
plotted  versus  received  signal  optical  power  for  a  laser  RIN  of  -130  dB/Hz 
and  a  laser  linewidth  of  1 00  kHz. 


Fig.  9-12  shows  the  improved  performance  of  the  coherent  angle  modulated  links 
relative  to  the  interferometric  links  for  a  laser  RIN  of  -130  dB/Hz.  The  improvement  is 
due  to  the  use  of  balanced  receivers  in  conjunction  with  limiters  in  the  coherent  angle 
modulated  links,  which  render  them  essentially  immune  to  laser  RIN.  In  this  case,  only 
the  HIPM  link  outperforms  the  coherent  FM  link,  and  then  only  for  optical  powers 
greater  than  2  mW. 
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9.6.2  RF  Power  Transfer  Ratio  and  Noise  Figure  Comparison 

Fig.  9-13  shows  the  RF  power  transfer  ratios  (PTRs)  of  the  interferometric  links, 
the  coherent  angle  modulated  links,  and  the  DD  link  plotted  versus  received  signal  optical 
power  for  the  parameters  listed  in  Table  9-1. 


Table  9-1.  Parameter  values  used  in  numerical  computation  of 
RF  power  transfer  ratios  and  noise  figures. 


Parameter 

Assumed  Value 

Parameter 

Assumed  Value 

LO  power 

10  mW 

Mod.  voltage 

15  V 

RIN 

-155  dB/Hz 

HIPM  index 

1 

Relaxation  osc.  ffeq. 

2  GHz 

RC  time  constant 

1.21E-9S 

Laser  linewidth  Av 

10  kHz  or  1 

MHz 

Source  imped. 

50  a 

Signal  bandwidth  B 

1  GHz 

Conversion  loss  a 

6dB 

1  GHz 

Nonlinear  loss  L„, 

6dB 

Max.  sig.  ffeq. 

2  GHz 

Int.  freq. 

10  GHz 

Laser  FM  resp.  y 

.  1  GHz/mA 

Responsivity  r 

0.8 

Received  signal  optical  power,  dBm 

Fig.  9-13.  RF  power  transfer  ratios  of  HIFM,  HIPM,  HFM,  HPM,  coherent  FM, 
coherent  PM,  and  DD  links  plotted  versus  received  signal  optical  power  for 
the  parameters  listed  in  Table  9-1. 
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Fig.  9-13  shows  that  the  interferometric  links,  in  addition  to  having  the  same 
integrator  and  discriminator  losses  as  the  externally  modulated  coherent  angle  modulated 
links,  also  lose  power  due  to  the  losses  in  the  conversion  process  needed  to  obtain 
receiver  signals  at  the  desired  intermediate  frequencies.  These  losses  come  from  imperfect 
optical  frequency  shifting  and  intrinsic  modulator  losses  in  the  heterodyne  links  and  from 
optical  hybrid  and  mixer  losses  in  the  homodyne  links.  As  a  result,  extra  amplification  is 
required  in  the  interferometric  links  to  compensate  for  these  losses. 


Fig.  9-14.  Noise  figures  of  HIFM,  HIPM,  HFM,  and  HPM  links  plotted  versus 
received  signal  optical  power  for  the  parameters  listed  in  Table  9-1 . 

Fig.  9-14  shows  the  noise  figures  of  the  interferometric  links  and  the  DD  link 
plotted  versus  received  signal  optical  power  for  the  parameters  listed  in  Table  9-1.  The 
noise  figures  of  the  coherent  angle  modulated  links  are  not  included  in  this  plot  because 
those  noise  figures  are  obviously  linewidth  dependent.  These  noise  figures  are  for  the 
basic  links  without  amplification,  which  is  why  the  values  are  so  high.  With  adequate  low 
noise  amplification,  the  noise  figures  can  be  greatly  reduced.  Fig.  9-14  indicates  that  more 
noise  is  generated  in  the  FM  links  than  in  the  PM  links.  This  is  because  the  signal 
frequencies  are  far  from  baseband,  leading  to  noise  augmentation  during  FM  demodulation 
instead  of  noise  suppression. 
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9.6.3  Implementation  Considerations 


In  this  section,  we  briefly  consider  some  implementation  details  of  heterodyne  and 
homodyne  interferometric  links.  For  simplicity,  details  will  be  listed  and  addressed  in 
order. 

Maximum  available  external  modulation  depth  and  RF  loss:  This  is  addressed  in 
Appendix  C.1.3. 

Choice  of  IF  frequency:  As  stated  in  Chapter  8,  it  is  possible  using  commercially 
available  components  to  build  modulators  and  receivers  which  operate  for  frequencies  in 
the  10  GHz  to  20  GHz  range.  The  benefits  of  a  high  IF  are  more  linear  discriminator 
operation  and  greater  RIN  suppression.  The  disadvantages  of  a  high  IF  are  larger 
discriminator  loss,  higher  thermal  noise,  and  greater  receiver  cost  and  complexity. 

Bias  phase:  There  can  be  an  arbitrary  bias  phase  between  the  signal  arm  and  the  reference 
arms  in  the  modulators  for  either  the  heterodyne  or  homodyne  links.  This  bias  phase  is 
slowly  varying  relative  to  the  signal  and  will  not  impact  discriminator  operation. 

Modulator  splitting  coefficients  in  the  heterodyne  links:  It  is  important  that  the  spurious 
IF  terms  be  eliminated  through  the  appropriate  choice  of  /?,  amplitude  of  the  applied  IF 
sinusoids.  It  is  possible  to  determine  a  for  which  the  signal  loss  is  insignificant 
provided  that  the  loss  in  the  two  arms  of  the  modulator  corresponding  to  the  IF  sinusoids 
are  nearly  equal.  This  condition  holds  in  regular  Mach-Zehnder  amplitude  modulators 
and  should  not  be  difficult  to  achieve  in  a  three-legged  integrated  device.  Note  that  the 
splitting  loss  in  the  signal  arm  need  not  be  the  same  as  the  loss  in  the  two  IF  anns. 

Quadrature  of  IF  sinusoids  in  the  heterodyne  links:  If  the  RF  sinusoids  are  off  of 
quadrature  by  an  angle  6,  the  ratio  of  signal  to  distortion  due  to  this  goes  as  cot'  6.  For  a 
6  of  1  degree,  this  gives  a  signal  to  distortion  ratio  of  35  dB.  Given  that  the  wavelength 
of  a  10  GHz  signal  is  3  cm,  it  is  easily  possible  using  delay  lines  in  integrated  form  to 
achieve  a  6  of  far  less  than  one  degree,  if  necessary.  Including  these  delay  lines  in  the 
modulator  will  not  significantly  increase  its  complexity  or  its  size. 

Construction  of  an  optical  hybrid  in  the  homodyne  links:  An  optical  hybrid  is  difficult  to 
build  due  to  the  precise  optical  phase  shift  required  over  a  wide  range  of  optical 
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frequencies.  This  requirement  can  be  met  over  signal  bands  of  several  GHz  using  special 
polarization-dependent  phase-shifting  techniques.  However,  these  techniques  require 
bulk  optics  which  must  be  continuously  aligned  as  the  optical  frequency  of  the  laser 
changes.  The  loss,  size,  and  inconvenience  of  such  hybrids  has  made  the  construction  of 
all  homodyne  optical  systems  very  difficult  [7]. 

Mixers  as  frequency  shifters  in  the  homodyne  links:  The  nonlinear  loss  of  mixers  arises 
from  the  imperfect  sideband  generation  of  these  microwave  devices.  The  spurious 
nonlinearities  of  mixers  are  difficult  to  predict  and  to  model,  but  they  will  have  a 
potentially  significant  impact  on  the  homodyne  links,  particularly  for  the  frequency 
shifting  of  wide  bands  of  frequencies. 


Fig.  9-15.  Block  diagram  of  experimental  HIPM  link. 
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9.7  HIPM  Link:  Experiment 


This  section  presents  preliminary  results  from  the  proof-of-concept  experimental 
HIPM  link  which  we  have  constructed  in  our  laboratory  [8],  Fig.  9-15  shows  a  simplified 
block  diagram  of  the  experimental  link.  The  optical  source  consists  of  a  CW  NdrYAG 
laser  followed  by  an  optical  attenuator.  The  three-leg  HIPM  modulator  is  implemented 
using  combination  amplitude/phase  modulators  with  1  GHz  3  dB  bandwidths  which  were 
available  in  our  laboratory.  The  two  sections  of  modulator  1  are  driven  with  sinusoidal  IF 
signals  (at  650  MHz,  in  this  implementation)  in  quadrature;  modulator  2  is  driven  by  the 
signal  to  be  transmitted.  The  AM  section  of  modulator  1  was  biased  where  MZ 
modulators  are  typically  biased,  at  VpH  below  the  maximum  transmission  point.  After 
detection,  the  electrical  signal  is  amplified,  bandpass  filtered,  and  sent  through  a  phase 
discriminator.  The  discriminator  consists  of  an  RF  power  splitter,  two  delay  lines  of 
different  length,  a  mixer,  and  an  integrator  (single  pole  lowpass  filter).  The  length 
difference  between  the  two  delay  lines  was  set  to  one  quarter  of  the  IF  RF  wavelength. 

For  an  applied  signal  made  up  of  sinusoids  with  frequencies and we 
measured  the  two-tone  third-order  IMP  levels  at  frequencies  -fmax  and  Ifmax  -fmw  at 
the  link  output  using  an  RF  spectrum  analyzer.  The  theoretical  ratios  of  the  IMP  power 
levels,  to  the  signal  power  levels,  ifi),  for  the  AM  direct  detection  link  and  the 

HIPM  link  are  given  by 


r(4,)i 

_  {  2'?^™  1 

('•=>  J 

HIPM  ^  ^ 

64 

(9.14) 


(9.15) 


where  (p^  is  the  modulation  depth.  These  equations  come  directly  from  the  results  in 
Section  8.2.3.  The  AM  direct  detection  link  IMP  measurements  were  made  by  removing 
modulator  1,  modulating  the  AM  port  of  modulator  2,  and  measuring  the  IMP  levels  after 
detection. 

Fig.  9-16  compares  the  measured  ratios  of  third-order  IMP  levels  to  signal  levels 
vs.  modulation  depth  of  modulator  2  in  radians  of  the  HIPM  and  AM  direct  detection 
links.  The  two  applied  tones  have  frequencies  fmin  -  95  MHz  and  fmax  =  105  MHz. 
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Our  HIPM  link  demonstrated  IMP  levels  that  are  consistently  lower  than  those  of  an 
externally  modulated  AM  direct  detection  link  for  the  same  modulation  depths.  The 
corresponding  SFDR  improvement  in  dB  equals  one-third  of  the  IMP  suppression  in  dB 
(see  Eqs.  (8.6)-(8.8)). 


Fig.  9-16.  Intermodulation  product  level  vs.  modulation  depth  for  HIPM  (o)  and 
IMDD  (x)  links;  yin/n  “  95  MHz  and  fmax  ~  105  MHz. 


We  investigated  nonideal  receiver  component  characteristics,  such  as  amplifier, 
mixer,  and  discriminator  nonlinearities,  by  altering  the  values  of  the  RF  attenuators  in  the 
receiver  (A1  -  A4),  shown  in  Fig.  9-15.  Fig.  9-17  shows  the  ratio  of  the  HIPM  link  IMP 
levels  to  the  AM  direct  detection  link  IMP  levels  vs.  of  modulation  depth  for  two 
receiver  configurations.  For  this  case,  fmin  ~  47.5  MHz  and  fmax  ~  52.5  MHz. 
Configuration  1  corresponds  to  A1  =  6  dB,  A2  =  3  dB,  A3  =  6  dB,  and  A4  =  6  dB. 
Configuration  2  corresponds  to  A1  =  10  dB,  A2  =  0  dB,  A3  =  6  dB,  and  A4  =  6  dB.  The 
HIPM  link  demonstrates  as  much  as  23  dB  IMP  suppression,  which  corresponds  to  7.7 
dB  SFDR  improvement.  However,  the  HIPM  link  third-order  nonlinear  coefficient 
{infJAfjp)^  gives  a  theoretical  two-tone  third-order  IMP  suppression  of  44  dB. 

Clearly,  the  link  performance  is  limited  by  nonideal  receiver  component  characteristics, 
and  not  by  the  intrinsic  link  nonlinearity  predicted  using  Eq.  (9.15).  Fig.  9-17  shows  that 
the  IMP  levels  at  various  modulation  depths  can  be  varied  over  a  large  range  by  changing 
the  position  and  value  of  RF  attenuators  in  the  receiver.  This  effect  cannot  be  explained 
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by  considering  ideal  receiver  component  characteristics,  but  can  be  caused  by  a  number  of 
nonideal  factors  including  mixer  nonlinearities,  nonideal  discriminator  and  filter 
characteristics,  and  amplifier  nonlinearities. 


Fig.  9-17.  Intermodulation  distortion  suppression  of  the  HIPM  link  over  an  IMDD  link 
for  receiver  configuration  1  (A1  =  6  dB,  A2  =  3  dB,  A3  =  6  dB,  A4  =  6  dB)  and  receiver 
configuration  2  (A1  =  10  dB,  A2  =  0  dB,  A3  =  6  dB,  A4  =  6  dB).  fmin  ~  MHz  and 

fmax  -  52.5  MHz. 


Even  though  our  receiver  could  be  significantly  improved  through  the  use  of  better 
components,  the  best  third-order  IMP  suppression  that  we  demonstrated  is  comparable 
to  that  in  optimized  implementations  of  linearized  IMDD  links  [9].  This  result  suggests 
that  the  HIPM  link  may  be  a  promising  alternative  to  conventional  linearized  AM  direct 
detection  links  for  achieving  high  SFDR. 
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Chapter  Ten 


Optically  Amplified  Interferometric  Links 


In  this  chapter,  we  consider  the  use  of  optical  amplifiers  to  increase  the  available 
optical  power  in  interferometric  links  using  semiconductor  lasers  and  to  compensate  for 
link  losses  in  real  systems.  In  Section  10.1,  we  describe  the  interferometric  link  which  we 
will  model  in  this  chapter.  In  Section  10.2,  we  present  its  SFDR.  In  Section  10.3,  we 
provide  results  and  discussion  for  antenna  remoting  applications. 


Transmitter 


Amplitude 

modulator 

X 


Receiver 

Baseband 

Amplifier 


I  Output 


Fig.  lO-l(a).  Generic  optically  amplified  direct  detection  link. 


Transmitter 


Fig.  10-l(b).  Generic  optically  amplified  heterodyne  interferometric  link. 
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10.1  Link  Description 


Block  diagrams  of  a  conventional  direct  detection  (DD)  link  and  a  generic 
heterodyne  interferometric  link  are  shown  in  Figs.  10- 1(a)  and  10- 1(b),  respectively.  In 
the  DD  case,  the  signal  voltage  is  applied  to  a  standard  Mach-Zehnder  (MZ)  modulator, 
which  modulates  the  optical  field  output  of  the  CW  laser.  The  modulator  output  is 
optically  amplified,  received,  and  amplified  at  baseband.  Note  that  in  this  chapter,  we 
will  be  primarily  interested  in  the  operation  of  these  links  at  laser  powers  greater  than  -10 
dBm*  since,  as  described  in  Chapter  9,  interferometric  links  offer  the  potential  for  SFDR 
improvement  over  DD  and  coherent  links  at  high  powers.  Since  the  spontaneous- 
spontaneous  beat  noise  due  to  optical  amplification  is  not  significant  for  high  powers,  the 
insertion  of  an  optical  filter  will  not  have  a  noticeable  impact  on  interferometric  or  DD 
link  performance.  In  the  heterodyne  interferometric  link,  the  transmitter  optical  power  is 
split  between  a  reference  path  and  a  signal  path.  The  optical  frequency  of  the  reference  is 
shifted  by  an  amount  fip  using  a  single  sideband  (SSB)  frequency  shifter.  The  optical 
signals  are  coupled  into  a  single  fiber  and  are  optically  amplified. 

10.2  SFDR 

In  this  section,  we  derive  the  SNRs  at  the  outputs  of  the  heterodyne 
interferometric  and  DD  links,  and  from  there  the  corresponding  SFDRs.  Section  10.2.1 
gives  SFDR  expressions  for  a  generic  heterodyne  interferometric  link.  Section  10.2.2 
gives  the  specific  SFDR  expressions  for  the  specific  implementation  of  the  heterodyne 
interferometric  link  described  in  Section  9.4.1. 


10.2.1  SFDR  of  a  Generic  Optically  Amplified  Interferometric  Link 


The  received  photocurrent  after  the  photodiode  in  a  generic  optically  amplified 
heterodyne  interferometric  (OAHI)  link  is  given  by 


^OAHI  (^)  “  ^ 


+  cxpi[co^^,t  +  {j:(r)}  +  (p^(t)  +  cp,]  + 


expi[(co„^,  +  Q)„)t+  (p/0])  + + 


+  njt)  +  n„(t) 
(10.1) 


*  Note  that  we  refer  to  laser  power  instead  of  received  optical  power.  Link  losses  and  modulator  losses  are 
taken  into  account  in  all  numerical  results  presented  in  this  chapter. 
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where  R  is  the  photodiode  responsivity.  Pop,  is  the  output  optical  power  of  the  laser,  G 
is  the  power  gain  of  the  optical  amplifier,  L  is  the  total  link  loss,  nRiN(t)  is  the  laser 
relative  intensity  noise  (RIN)  process,  L^ig  is  the  ratio  between  the  power  entering  the 
signal  modulator  and  the  laser  power  assuming  ideal  splitting  (0.5  for  even  splitting),  Lxsig 
is  the  excess  loss  of  the  signal  modulator,  Wopt  is  the  angular  optical  frequency, is 
the  phase  term  due  to  the  applied  signal  voltage  x(t)  (corresponding  to  either  PM  or  FM), 
jp(t)  is  the  laser  phase  noise  process,  y/,  is  an  arbitrary  and  slowly  varying  phase  between 
the  signal  and  reference  legs,  Z,„/is  the  ratio  between  the  power  entering  the  frequency 
shifter  and  the  laser  power  assuming  ideal  splitting,  Lxref  is  the  excess  loss  of  the 
frequency  shifter,  wjf  is  the  desired  angular  intermediate  frequency,  no^-(,t)  and  no^a(0 

are  due  to  the  amplified  spontaneous  emission  (ASE)  of  the  optical  amplifier  in  the  signal 
polarization  and  orthogonal  to  the  signal  polarization,  respectively,  nsh(t)  is  due  to  the 
shot  noise,  and  nth(t)  is  due  to  the  receiver  thermal  noise. 

Note  that  the  phase  noise  process  is  eliminated  through  mixing  at  the  photodiode, 
assuming  that  the  lengths  of  the  modulator  legs  are  matched  to  within  a  fraction  of  the 
laser  coherence  length.  This  is  easy  to  achieve  in  a  monolithic  modulator  structure  but 
may  be  difficult  in  a  separate  fiber  configuration.  After  amplification,  the  signal  is 
detected  using  either  phase  or  frequency  discrimination. 

After  mathematical  manipulation,  the  output  currents  for  the  DD  link  (which  is 
simply  the  current  after  the  photodiode)  and  for  the  heterodyne  interferometric  link  can 
be  derived.  The  DD  output  current  is  derived  exactly  as  in  Chapter  2  with  slight 
modifications  due  to  the  presence  of  an  optical  amplifier.  Note  that  we  neglect  high-order 
noise  terms  and  signal-cross-noise  terms  except  for  those  due  to  the  optical  amplifier 
since  analog  links  have  high  SNRs  and  small  modulation  depths.  The  result  is  (with 
parameters  repeated  from  Eq.  (10.1)  having  the  same  meanings) 


rnx(t)  X  {t)  bb^t) 
D 


^^OAs  bp  (G  + 


(10.2) 


bp  bp  (^^1  bb 


m  is  the  amplitude  modulation  depth  and  nnit)  refers  to  the  sum  of  shot  and 
thermal  noise.  The  subscript  bb  indicates  baseband  noise,  which  refers  to  noise  which  is 
added  to  the  signal  band  after  the  signal  has  been  converted  to  baseband.  The  subscript 
bp  indicates  bandpass  noise,  which  refers  to  noise  which  is  added  to  the  signal  band  when 
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it  is  located  on  a  high-frequency  carrier.  The  second  term  is  a  signal-spontaneous  noise 
cross  term,  and  the  third  and  fourth  terms  are  spontaneous-spontaneous  cross  terms  in 
the  two  orthogonal  polarizations. 

The  OAHI  PM  and  FM  output  currents  are  derived  similarly  to  the  coherent  PM 
and  FM  output  currents  in  Appendix  C.  1.1.  The  results  are 


*OA«/ out  (^)  — 


opi^^tig^xiig^RIN  bp  {yj^sig^xsig  -^^nf^xref  ip  ^ip-sp  bp 

(10.3) 


^OAHlFMout  {t)  =  T[lRP^^,GL^^ 

ig^xsig^rtf^xrtf 


0)^x{t) - j- 

D 


3  f 


IF 


x\t) 


f^^opt^^sig^xsig^RIN  bp  (^)  ■*■  [yj  ^sig^zsig  'sj^ref^  xref  )^OM  bp  it)  +  n,^..pbp(t) 

(10.4) 


where  K  and  T  are  scaling  factors  dependent  on  the  amount  of  RF  amplification  and  Thas 
dimensions  of  seconds. 


^jp-jpip(^)  “  |^*0-4iip(^^|  |^*OAoip(^)l  (  ^  0.5) 

The  third-order  nonlinearity  terms  arise  due  to  the  imperfect  linearity  of  the 
delay-line  phase  discriminator.  Second-order  nonlinearity  terms,  which  are  not  shown 
above,  can  be  ignored  assuming  that  the  signal  bandwidth  is  restricted  to  a  single  octave. 
The  additional  terms  in  Eqs.  (10.3)  and  (10.4)  which  do  not  fall  into  the  form  presented  in 
Appendices  C.1.1  and  C.2.1  are  the  three  final  terms,  which  are  the  signal-spontaneous 
(s-sp),  reference-spontaneous  (r-sp),  and  spontaneous-spontaneous  (sp-sp)  beat  noise 
contributions  to  the  output  currents.  Sinusoidal  components  which  reduce  the  s-sp  and  r- 
sp  powers  in  the  link  output  SNR  expressions  by  a  factor  of  2  have  been  replaced  by  a 

scaling  factor  of  -L  for  simplicity.  Note  that  the  s-sp  and  r-sp  noises  do  not  add 

V2 

coherently,  only  on  a  power  basis.  The  arbitrary  slowly-varying  bias  phase  has  no 
impact  on  discriminator  operation. 

For  these  three  links,  the  corresponding  signal-to-noise  ratios  are  given  by 
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SNRnn  =  m 


(4("J  »>+{«'’», 


{RF,„GLL^,f{xHl)) _ 

f  (i»)+ 

(10.6) 


SNR,  =©’ _ (2B/>^,GL)  L^,L^L„,L^,,{x  (>)) - 


Oi.  V  (2RP„GLBf  L,„L,„L„,L„„{xH») 

^{R^f  ^cp’G^L,i^^a>i{^OAibp)  ■*■  ^lef^zrtfi^OAibp))] 


where  5  is  the  bandwidth  of  the  baseband  signal  x(t)  .  The  various  noise  expressions  in 
Eqs.  (10.6)  -  (10.8),  not  including  the  optical  amplifier  noise  terms,  are  evaluated  in 
Appendix  A.2.  The  optical  amplifier  noise  expressions  are  presented  in  Appendix  A.3. 
Eqs.  (10.6)  -  (10.8)  indicate  that  the  SNR  increases  monotonically  with  modulation 
index.  The  maximum  useful  modulation  index  is  limited  by  intermodulation  distortion 
associated  with  nonlinear  effects.  From  here,  the  SFDR  is  easily  derived  as  in  Section 
8.2.3.  The  SFDRs  of  the  HIPM,  HIFM,  and  DD  links  are  given  by 


SFDR  = 


SSNR„ 


(10.9) 


where 

SNR  =  r^SNR^  (10.10) 

Eq.  (10.10)  is  in  the  same  fonn  as  Eqs.  (10.2)  -  (10.4),  where  r  is  the  modulation 
index  (m  for  IMDD  link,  (p^  for  the  HIPM  link,  and  ^  for  the  HIFM  link)  and  SNRo  is 

the  signal-to-noise  ratio  for  unity  modulation  index,  bs  'is  the  third-order  nonlinearity 
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2 


1  1 

coefficient  for  each  link  and  is  given  by  —  for  the  IMDD  link,  — T' 

6 

if  B  Y 

HIPM  link,  and - for  the  HIFM  link.  For  an  IF  frequency  much  larger  than 

the  maximum  signal  frequency  or  the  signal  bandwidth,  the  third-order  nonlinearity  of 
each  of  the  interferometric  links  is  significantly  suppressed,  which  enables  the  use  of  a 
larger  modulation  index. 

10.22  SFDRs  of  the  Optically  Amplified  HIPM  and  HIFM  Links 

The  SFDRs  of  the  HIPM  and  HIFM  links  have  been  given  in  Section  10.2.1,  with 
the  exception  of  the  loss  parameter  values  in  Eqs.  (10.7)  and  (10.8).  For  the 

1  r  4 

implementation  of  Fig.  9-7,  the  loss  parameters  are  given  by  =-, 

=  lO*^*,  and  =  10‘^'®7,(/3).  The  lO"^®  terms  assume  a  6  dB  modulator  excess 
loss,  and  the  Ji{P)  term  refers  to  an  additional  loss  due  to  the  unshifted  and  higher-order 
terms  in  Eq.  (9.3).  It  is  important  to  choose  P  not  only  to  maximize  but  also  to 

reduce  the  spurious  carrier  term  at  the  IF  generated  at  the  photodiode  through  the  mixing 
of  the  different  terms  in  Eq.  (9.3).  The  amplitude  of  this  tenn  is  proportional  to 

. . .  (10.11) 

Both  of  these  requirements  are  satisfied  for  values  of  P  near  2.2,  which  is  very  close  to 
the  P  of  1.84  which  maximizes 

10.3  Results  and  Discussion 

In  this  section,  we  evaluate  the  SFDRs  of  the  optically  amplified  HIPM,  HIFM, 
and  DD  links  for  antenna  remoting  applications.  Among  the  important  parameters 
considered  are  signal  power,  saturation  and  noise  in  optical  amplification,  laser  RIN,  link 
and  modulator  excess  loss,  signal  bandwidth,  and  receiver  intermediate  frequency  (IF). 

The  parameters  which  are  common  to  all  of  the  subsequent  plots  are  included  in 
Table  10-1.  These  have  been  chosen  to  be  realistic  for  presently  or  soon-to-be  available 
commercial  devices.  The  RIN  parameters  are  chosen  to  be  typical  of  high-quality  laser 
diodes  vvdthout  requiring  special  modulation  characteristics  or  expense.  A  linewidth  value 


for  the 

7 
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hag  not  been  specified  since  all  three  links  to  be  considered  in  this  section  are  linewidth- 
insensitive. 


Table  10-1.  Parameter  values  assumed  in  the  plots  in  this  section. 


Parameter 

Assumed  Value 

Parameter 

Assumed  Value 

Max.  output  power 
of  opt.  amp. 

100  mW 

Modulator  excess 
loss 

6dB 

15  dB 

Int.  freq. 

15  GHz 

1 

0.8 

Laser  wavelength 

1.3  pm 

IF  filter  bandwidth 

10  GHz 

RIN 

-155  dB/Hz 

RIN  roll-off  freq. 

2  GHz 

Fig.  10-2.  SFDRs  of  the  HIFM,  HIPM,  and  DD  links  plotted  versus  transmitter 
optical  power  for  antenna  remoting  and  the  parameters  in  Table  10-1. 

Fig.  10-2  compares  the  SFDR  of  the  three  links  vs.  transmitter  laser  power  (in  the 
fiber)  for  the  antenna  remoting  application  and  a  12  dB  link  loss.  The  HIFM  and  HIPM 
links  exhibit  6  dB  and  3  dB  advantages,  respectively,  over  the  DD  link  at  low  laser 
powers.  This  advantage  comes  primarily  from  the  improved  linearity  of  the 
interferometric  links,  as  is  evidenced  by  the  values  of  the  third-order  nonlinearity 
parameter  bs  in  Section  10.2.1.  The  SFDR  advantage  of  the  HIFM  and  HIPM  links 
increases  to  10  dB  and  7  dB  for  laser  powers  above  10  mW.  This  increase  is  due  to  the 


169 


partial  immunity  to  RIN  of  the  interferometric  links,  which  results  from  limiting  prior  to 
discrimination  combined  with  operation  at  a  high  IF.  The  advantage  increases  for  higher 
RIN  but  does  not  increase  in  the  above  plot  for  laser  powers  above  10  mW,  because 
signal-spontaneous  (plus  reference-spontaneous  in  the  interferometric  links)  beat  noise 
becomes  the  dominant  noise  affecting  all  three  links.  The  slope  discontinuity  in  the 
interferometric  link  graphs  at  about  10  mW  is  due  to  the  100  mW  maximum  output  power 
of  the  optical  amplifier.  Though  saturation  only  causes  the  SFDR  to  level  off  for 
interferometric  links,  its  existence  in  DD  links  can  generate  significant  additional 
nonlinearities,  which  can  cause  the  DD  SFDR  to  be  penalized  relative  to  that  shown  in 
the  plot  for  laser  powers  greater  than  about  10  mW.  The  SFDR  difference  of  about  3  dB 
between  the  HIFM  and  HIPM  links  results  from  a  combination  of  effects.  The 
displacement  from  baseband  of  the  signal  band  eliminates  the  SFDR  advantage  which  one 
would  expect  in  FM  links  due  to  noise  suppression.  However,  the  integrator  before  the 
modulator  in  the  HIFM  link  serves  to  predistort  the  signal  by  weighting  the  lower 
frequencies  more  heavily.  This  means  that  the  sinusoidal  discriminator  characteristic  (of 
maximum  slope  at  fjp  and  of  zero  slope  at  0  and  2/;f)  appears  more  linear  to  the  HIFM 
signal  than  to  the  HIPM  signal.  The  SFDR  of  the  HIFM  link  is  above  50  dB,  a  desirable 
goal  for  antenna  remoting  systems,  for  laser  powers  above  about  2  mW  and  a  12  dB  link 
loss.  This  figure  is  not  attained  by  the  DD  link  for  any  laser  power. 


Fig.  10-3.  SFDRs  of  the  HIFM,  HIPM,  and  DD  links  plotted  versus 
link  loss  for  antenna  remoting  and  the  parameters  in  Table  10-1 . 
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Fig.  10-3  compares  the  SFDRs  of  the  three  links  vs.  fiber  link  loss  for  the  antenna 
remoting  application  and  a  10  mW  laser  power.  Link  loss  can  be  due  to  splitting  loss  in  a 
distribution  system  or  to  fiber  attenuation  and  connector  losses.  This  plot  is  nearly 
equivalent  to  Fig.  10-2  with  high  link  losses  corresponding  to  low  laser  powers  and  vice 
versa.  This  correspondence  will  only  hold,  however,  for  optical  amplifier  placement  at 
the  transmitter  so  that  link  loss  will  simultaneously  suppress  both  the  laser  power  and 
the  amplified  spontaneous  emission.  For  a  10  mW  laser  power,  the  HIFM  link  meets  the 
50  dB  SFDR  criterion  for  link  losses  below  22  dB,  while  the  DD  link  does  not  reach  50 
dB  SFDR  for  any  value  of  link  loss.  As  a  result,  it  is  again  clear  that  optically  amplified 
interferometric  links  show  the  potential  to  outperform  optically  amplified  direct  detection 
links  in  antenna  remoting  systems  with  realistic  link  and  modulator  losses  taken  into 
account. 
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Chapter  Eleven 


Discriminator  Linearization 


In  this  chapter,  we  briefly  discuss  a  simple  method  for  discriminator  linearization 
which  can  improve  link  SFDR.  In  Section  1 1.1,  we  describe  the  linearization  method.  In 
Section  1 1.2,  we  discuss  the  results. 

11.1  Discriminator  Linearization 

The  SFDR  of  angle  modulated  analog  links  is  limited  by  the  nonlinearities  of  the 
discriminator  filter.  Through  the  addition  of  extra  discriminator  arms,  the  discriminator 
transfer  function  can  be  linearized  and  the  SFDR  can  thus  be  improved.  Assume  that  the 
transfer  function  of  the  filter  discriminator  can  be  expanded  as  a  polynomial  in  the 
vicinity  of  the  intermediate  frequency  (IF): 


»i=0 


(11.1) 


where  ^  is  a  constant.  We  found  in  Section  8.2.3  that  02  =  0  and  a.  =  ~ 


^ max 

2/,ry 


for 


the  two-leg  delay-line  discriminator,  which  we  refer  to  as  a  2nd-order  delay-line  filter 
(DLF). 


In  an  A-th  order  DLF,  the  input  signal  is  split  into  N  arms.  The  signal  in  the  nth 
arm  is  delayed  (n-ljt,  multiplied  by  a  complex  weight,  w„,  and  recombined  with  the  other 
arms.  Such  filters  can  be  constructed  using  microstrip  delay  lines  and  phase  shifters,  and 
have  a  transfer  function  which  can  be  expressed  as 


N-l 

//^(ty)  =  exp[-/a)nT] 

n=0 


(11.2) 


where  A  is  some  complex  constant.  The  second-order  DLF  has  wj  =  W2  =  1  and  a  transfer 
characteristic  given  by 
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Acos.{(ot ! 2) 


(11.3) 


A  fourth-order  DLF,  shown  in  Fig.  11-1,  has  wq  -  W3  -  1/27  and  wj  -  W2  -  1. 
Such  a  filter  has  a  transfer  function  given  by 


H^{(o)  =  A  cos((UT/2)-.;^cos(3tyT/2) 


(11.4) 


For  these  weights,  we  find  that  02  =  03  =  0,  and  hence  fifth-order  nonlinear  terms  are 
dominant  with  an  05  which  is  a  complicated  expression  with  a  large  number  of  terms 
(generated  using  the  method  of  Appendix  C.l .  1).  For  this  filter,  intermodulation  products 
of  interest  are  generated  at  2f,±  f^,2f^±f„3f,±  2f^ ,  and  3/.  ±2f,.  For  closely  spaced 
modulating  frequencies,  all  of  the  difference- frequency  products  will  fall  within  the  signal 
band  and  will  thus  impact  link  SFDR. 


Fig.  11-2.  Idealized  discriminator  transfer  characteristic. 
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11.2  Results  and  Discussion 


We  begin  this  section  with  a  comparison  of  the  discriminator  transfer  functions 
using  the  linearization  method  of  Section  11.1,  which  simply  chooses  weights  which 
cancel  out  the  third-order  nonlinearity,  and  a  truncation  of  the  conventional  Fourier  series 
of  the  idealized  transfer  function.  The  Fourier  series  truncation,  instead  of  using  wo  =  W3 
=  -1/27  to  cancel  out  the  third-order  nonlinearity  of  the  second-order  DLF,  uses  wi  =  W2 
=  b\  and  wo  =  W2  =  b2,  where  b\  and  62  are  the  first  two  coefficients  of  the  Fourier  cosine 
expansion  of  the  idealized  discriminator  transfer  characteristic  shown  in  Fig.  1 1-2  (in  this 

case,  there  are  no  sine  terms  in  the  expansion).  b\  and  Z>2  are  given  by  -^sin^^— j  and 

-^sin^f—\  respectively. 

97C  \  4  J 


Fig.  11-3.  Normalized  deviations  from  the  idealized  transfer  characteristic  of 
Fig.  11-2  for  the  2nd-order  DLF,  the  4th-order  DLF,  and  the  4th-order  FS  filters. 


Fig.  11-3  shows  a  comparison  of  the  transfer  characteristics  produced  by  our 
linearization  method  and  by  the  Fourier  expansion  method.  The  normalized  deviations 
from  linearity  are  the  differences  between  the  linear  characteristic  of  Fig.  1 1-2  and  the 
characteristics  of  the  individual  filters,  normalized  by  the  values  of  the  linear 
characteristic.  It  is  clear  that  for  an  intennediate  frequency  much  larger  than  the  signal 
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frequencies  and  for  simple  DLFs  with  only  four  legs,  the  method  presented  in  Section 
11.1  performs  better  than  the  Fourier  expansion  method.  This  result  is  important,  since 
due  to  the  difficulty  of  implementing  the  long  delays  required  for  DLFs  with  many  legs,  it 
is  important  to  keep  the  linearized  DLF  as  simple  as  possible. 


Fig.  11-4.  SFDRs  of  linearized  and  unlinearized  HIPM  link  plotted  versus 
transmitter  optical  power  for  antenna  remoting  parameters  in  Table  10-1 . 


Fig.  11-4  compares  the  SFDRs  of  a  linearized  HIPM  link  using  a  four-leg  delay¬ 
line  filter  with  that  of  an  unlinearized  HIPM  link  vs.  laser  power  for  a  link  loss  of  12  dB. 
The  advantage  for  a  -10  dBm  laser  power  is  3  dB  and  increases  steadily  until  the 
saturation  point  at  10  mW,  at  which  the  advantage  remains  constant  at  8  dB.  This  is 
because  as  the  SNR  for  an  interferometric  link  increases  with  power,  the  optimum 
modulation  index  which  equates  the  noise  and  nonlinearity  powers  decreases.  Hence,  at 
high  laser  powers  the  relative  increase  in  optimum  modulation  index  for  a  given  decrease 
in  nonlinearity  power  will  be  larger,  leading  to  a  larger  improvement  in  SFDR.  These 
SFDR  advantages  due  to  linearization  are  comparable  to  those  attained  in  our  laboratory 
for  externally  modulated  IMDD  links. 

The  linearity  improvements  for  any  of  the  other  angle  modulated  links  are  similar, 
since  the  discriminator  structures  are  identical  for  all  angle  modulated  links  which  we  have 
considered. 


175 


Chapter  Twelve 


Subcarrier  Multiplexing  in  Angle  Modulated  Links 


In  this  chapter,  we  consider  the  use  of  subcarrier  multiplexing  (SCM)  as  a  means 
of  transmitting  many  narrowband  channels  using  a  single  transceiver.  In  Section  12.1,  we 
derive  the  SFDR  of  an  analog  link  using  SCM.  In  Section  12.2,  we  present  SFDR 
requirements  for  applications  including  conventional  analog  video  (both  AM  and  FM)  and 
digital  video.  These  requirements  are  presented  alongside  requirements  for  antenna 
remoting  for  purposes  of  comparison.  In  Section  12.3,  we  discuss  results  for  both 
coherent  and  interferometric  SCM  links.  Section  12.4  contains  references. 

12.1  SFDR  in  a  Subcarrier  Multiplexed  (SCM)  Link 

In  a  subcarrier  multiplexed  (SCM)  link,  the  total  signal  bandwidth  B  is  broken  into 
N  channels,  each  with  a  bandwidth  of  B/N.  To  compute  IMD  power,  we  generalize  the 
test  signal  of  Eq.  (8.5); 


1  ^ 

x{t)  =  ^'^cos{coj  +  (jpj 


(12.1) 


where  w„  falls  within  the  band  of  the  n-th  channel.  We  assume  that  the  phases  in  the 
various  channels,  J„,  are  uncorrelated  so  that  the  input  signal  power  is  normalized  to 
(x^(0)  =  0.5.  The  maximum  number  of  third-order  intermodulation  products  falling 

within  the  n-th  channel  band  is  [  1  ] 

M  =  -^(N-,i  +  l)  +  ^[(N-3f-5]  (12.2) 

M  achieves  its  maximum  value  for  n  =  M2  and  its  minimum  value  for  /i  =  1 .  For  N 
>  10,  the  minimum  value  of  M  is  >  0.6  times  its  maximum  value,  and  M  is  thus  relatively 
insensitive  to  n. 

The  maximum  total  IMD  power  within  a  channel  band  is  given  by 
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(12.3) 


/;2  \-2-—s^b'^r^ 
VWi-3/- 


Solving  for  the  maximum  modulation  depth  as  in  Eq.  (8.7)  and  using  Eq.  (8.4),  we 
find  that  the  SFDR  for  channel  n  is  given  by 


SNR 

SFDR  =  - 1 

[9  M  [  / 


(12.4) 


where  is  the  SNRo  corresponding  to  channel  n.  For  large  N  and  taking  n  -  N/2, 

we  find  that  M  =  3N^  /  8  and 


SFDR  =  -N'4 

3  i 


(12.5) 


If  the  total  received  optical  power  is  fixed  and  the  noise  spectrum  of  the  output 
current  is  independent  of  the  channel  frequency  band,  then  the  SFDR  of  an  N  channel 
system  is  given  by 


where  5A7?] is  the  SNRo  of  a  system  transmitting  a  single  channel  only  with  the  full 
received  optical  power.  For  the  coherent  PM  and  FM  links,  the  noise  spectrum  is  not 
white.  Also,  in  the  PM  link  the  intennodulation  distortion  power  is  not  unifonnly 
distributed  over  the  signal  band,  and  the  worst-case  SFDR  occurs  at  the  midband  channel 
frequency  (the  location  of  the  most  third-order  intennodulation  products).  For  the  FM 
link,  the  worst-case  SFDR  occurs  at  the  highest  channel  frequency  for  the  desired 
application  if  linewidth  causes  negligible  perfonnance  degradation.  The  worst-case  SFDR 
occurs  at  the  midband  channel  frequency  if  linewidth  is  the  dominant  source  of 
performance  degradation.  For  DD  and  coherent  AM  links,  the  worst-case  SFDR  usually 
occurs  at  the  midband  channel  frequency.  If  the  dominant  noise  is  RIN  and  if  the  power 
spectral  density  of  the  RIN  is  rolling  off  in  the  SCM  signal  band  (see  Appendix  A.2.4), 
then  the  worst-case  SFDR  may  occur  at  the  lowest  channel  frequency. 
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12.2  SCM  Link  Requirements 


Table  12-1  shows  the  SFDR  and  channel  bandwidth  requirements  for  conventional 
AM  and  FM  analog  video  (CATV),  for  digital  video,  and  for  antenna  remoting.  The 
SFDR  requirements  for  AM  CATV  and  antenna  remoting  are  comparable,  as  are  the 
requirements  for  FM  CATV  and  SCM  digital  video.  In  this  chapter,  we  compare  the 
performance  of  angle-modulated  links  to  that  of  DD  and  coherent  AM  links  for  these  four 
applications.  In  all  cases,  the  number  of  channels  has  been  chosen  to  make  the  total  signal 
bandwidth  requirement  (shown  in  Table  12-1)  approximately  equal  for  all  applications. 

Table  12-1.  Parameters  for  different  types  of  video  and  antenna  remoting. 


Antenna 

AM  CATV  FM  CATV  SCM  digital  remoting 


SFDR 

50  dB 

17  dB 

17  dB 

55  dB 

Channel 

Bandwidth 

4  MHz 

30  MHz 

10  MHz 

1  GHz 

#  of  channels 

100 

25 

80 

1 

Total  Signal 

Bandwidth 

600  MHz 

1  GHz 

1  GHz 

1  GHz 

12.3  Results  and  Discussion 

In  this  section,  we  present  SFDR  results  for  SCM  angle-modulated  links  and 
compare  them  to  SCM  DD  and  coherent  AM  links.  Section  12.3.1  considers  coherent 
angle-modulated  links  and  Section  12.3.2  considers  interferometric  angle  modulated  links. 

A  reasonable  guardband  between  SCM  channels  is  taken  into  account  in  the 
computation  of  total  signal  bandwidth  for  each  application  in  Table  12-1.  The  signal 
frequency  range  for  each  application  is  chosen  for  single-octave  operation.  We  assume  a 
sufficiently  large  number  of  channels  (N  >  20)  in  each  SCM  system  for  the  multichannel 
SFDR  expression  given  in  Eq.  (12.2)  to  be  accurate.  In  all  cases,  the  channel  with  the 
worst-case  SFDR  is  used  to  define  whether  system  performance  is  acceptable  for  a  given 
application.  The  worst  case  for  the  FM  link  in  this  section  combines  the  intermodulation 
product  count  of  the  midband  channel  frequency  and  the  noise  of  the  highest  channel 
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frequency.  This  assumption  provides  a  lower  bound  on  SFDR  of  within  1  dB  for  the 
applications  of  interest. 

Table  12-2.  Laser  linewidth  requirements  for  coherent  PM  and  FM  links. 


Received 
tical  power 


.iinewidtr 

FM 


AM  CATV 


FMCATV 


ImW 


ImW 


1  kHz 

3  kHz 

150  MHz 

350  MHz 

80  MHz 

200  MHz 

2  kHz 

4  kHz 

Antenna  remotin 


Table  12-3.  Laser  RIN  requirements  for  DD  and  coherent  AM  links. 

Received  Required  Laser  RIN 

optical  power  DD _  AM 


AM  CATV 


FMCATV 


SCM  digital 


Antenna  remoting 


50  mW 


100  mW 


50  mW 


100  mW 


-175  dB/Hz 

max.  only  45  dB 

-167  dB/Hz 

max.  only  46  dB 

max.  only  16  dB 

-140  dB/Hz 

-115  dB/Hz 

-115  dB/Hz 

max.  only  14  dB 

-130  dB/Hz 

-120  dB/Hz 

-120  dB/Hz 

-170  dB/Hz 

fSiTsnRiinknsu^^i 

-165  dB/Hz 

max.  only  51  dB 

12.3.1  SCM  Coherent  Angle  Modulated  Links 

Tables  12-2  and  12-3  show  laser  linewidth  and  RIN  requirements  for  coherent 
angle-modulated,  coherent  AM,  and  DD  links  for  the  four  applications  shown  in  Table 
12-1.  This  data  was  obtained  assuming  a  receiver  intennediate  frequency  of  10  GHz  and 
a  local  oscillator  laser  power  of  10  mW. 
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For  AM  CATV  systems,  an  SFDR  of  50  dB  is  required  in  a  bandwidth  of  4  MHz 
[2].  At  a  received  optical  power  (Pg)  of  1  mW,  this  requires  a  linewidth  of  <  1  kHz  in  the 
PM  system  and  a  linewidth  of  <  3  kHz  in  the  FM  system.  Even  at  a  P5  of  10  mW,  such 
a  dynamic  range  is  unachievable  in  the  DD  and  AM  systems  without  modulator 
linearization. 

In  antenna  remoting  systems,  a  dynamic  range  of  55  dB  in  a  1  GHz  bandwidth,  or 
115  dB-Hz^3,  is  representative  of  system  requirements.  In  the  absence  of  linearization 
techniques,  this  requires  a  linewidth  of  <  2  kHz  for  a  PM  system  or  a  linewidth  of  <  4 
kHz  in  an  FM  system  for  a  of  1  mW.  At  this  power  level,  this  dynamic  range 
requirement  is  unattainable  in  either  the  DD  or  the  AM  system.  If  Pg  is  increased  to  50 

mW,  then  the  DD  system  can  reach  the  required  dynamic  range  for  a  RIN  level  of  <  -170 
dB/Hz.  Even  for  a  Pg  of  100  mW,  the  AM  system  is  unable  to  meet  the  requirements 

without  modulator  linearization. 

In  an  SCM  digital  system,  an  SFDR  of  17  dB  in  a  10  MHz  bandwidth  is  required 
[2].  At  a  P5  of  1  fxW,  this  requires  a  linewidth  of  <  80  MHz  in  the  PM  system  and  a 

linewidth  of  <  200  MHz  in  the  FM  system.  It  can  also  be  achieved  in  a  DD  system  at  a 
Pg  of  50  |iW,  The  coherent  AM  system  can  attain  the  required  SFDR  at  a  Pg  of  20  |iW. 

For  these  small  optical  powers,  high  values  of  RIN  are  necessary  for  RIN  to  dominate 
thermal  noise  . 

In  all  four  links  considered,  FM  subcarriers  can  be  utilized.  Such  systems  require 
an  SFDR  of  17  dB  to  achieve  acceptable  video  transmission  for  an  FM  subcarrier 
bandwidth  of  30  MHz  [3].  This  can  be  achieved  in  a  PM  or  an  FM  system  at  a  of  1 

|iW  with  linewidths  of  <  150  MHz  and  <  350  MHz,  respectively.  In  the  AM  and  DD 
systems,  the  smallest  Pg  for  which  the  SFDR  requirement  can  be  achieved  are  0.5  pW  and 

25  pW,  respectively.  The  power  requirements  for  FM  CATV  are  lower  than  those  for 
SCM  digital  because  fewer  channels  can  be  transmitted  in  a  1  GHz  signal  band,  leading  to 
less  intermodulation  distortion. 

12.3.2  SCM  Interferometric  Angle  Modulated  Links 

Tables  12-4  and  12-5  show  laser  linewidth  and  RIN  requirements  for 
interferometric  angle-modulated  links  for  the  four  applications  shown  in  Table  12-1.  This 
data  was  obtained  assuming  a  receiver  intermediate  frequency  of  1 5  GHz. 

For  AM  CATV  and  antenna  remoting  systems,  the  HIFM  and  HFM  links  can 
meet  the  SFDR  requirements  for  a  laser  RIN  of  -160  dB/Hz  and  a  received  optical  power 
of  5  mW  in  both  cases.  The  HIPM  and  HPM  links  show  higher  resistance  to  laser  RIN  at 
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very  high  powers  but  require  a  10  mW  received  optical  power  to  meet  the  SFDR 
requirements  in  both  cases.  The  performance  of  the  interferometric  links  compares 
favorably  to  that  of  the  DD  and  coherent  AM  links  in  the  previous  section  due  to  the 
partial  immunity  of  interferometric  links  to  laser  RIN  (see  Chapter  9). 

Table  12-4.  Laser  RIN  requirements  for  heterodyne  interferometric  links. 

Received  Required  Laser  RIN 


optical  power 

HIPM 

HIFM 

AM  CATV 

5mW 

-130  dB/Hz 

-145  dB/Hz 

10  mW 

-120  dB/Hz 

-140  dB/Hz 

FMCATV 

15  pW 

max.  only  16  dB 

not  even  -100 

dB/Hz 

50  pW 

not  even -100 

not  even  -100 

dB/Hz 

dB/Hz 

SCM  digital 

20  pW 

max.  only  16  dB 

not  even  -100 

dB/Hz 

50  pW 

not  even -100 

not  even  -100 

dB/Hz 

dB/Hz 

Antenna  remoting 

5mW 

-145  dB/Hz 

10  mW 

-125  dB/Hz 

-140  dB/Hz 

In  SCM  digital  and  FM  video  systems,  the  HIFM  and  HFM  links  can  potentially 
achieve  the  desired  SFDR  performance  for  1 5  |iW  received  optical  power.  Though  the 
HIPM  link  is  the  most  resistant  to  laser  RIN  at  high  powers,  it  shows  no  advantage  at 
these  low  powers.  Nevertheless,  at  50  pW  received  optical  power,  all  four 
interferometric  links  can  perform  acceptably  with  essentially  no  RIN  restriction.  This 
result  is  similar  to  that  for  the  DD  and  coherent  AM  links,  though  the  RIN  requirements 
are  less  stringent  for  the  interferometric  links. 
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Table  12-5.  Laser  RIN  requirements  for  homodyne  interferometric  links. 


Received  Renuired  Laser  RTN 


AM  CATV 

5mW 

-170  dB/Hz 

-160  dB/Hz 

10  mW 

-155  dB/Hz 

-155  dB/Hz 

FMCATV 

15  uW 

max.  only  16  dB 

-115  dB/Hz 

50  uW 

-no  dB/Hz 

-110  dB/Hz 

SCM  digital 

-115  dB/Hz 

^sisiiiinmiii 

-115  dB/Hz 

-115  dB/Hz 

Antenna  remoting 

5mW 

-160  dB/Hz 

10  mW 

-160  dB/Hz 

-155  dB/Hz 
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Chapter  Thirteen 


Angle  Modulated  Links:  Conclusions 


In  this  chapter,  we  summarize  our  work  on  angle  modulated  links  during  this 
project  and  recommend  future  work  which  builds  directly  on  the  work  described  in 
Chapters  8  through  12.  Section  13.1  contains  the  summary  and  Section  13.2  contains  the 
recommendations  for  future  work. 

13.1  Summary 

Due  to  the  large  potential  transmission  bandwidth  of  optical  fiber,  optical 
transmission  systems  are  well-suited  to  handle  the  expanded  bandwidth  of  wideband 
angle  modulated  signals.  Our  investigation  of  angle  modulated  links  during  this  project 
has  been  motivated  by  a  desire  to  see  the  same  signal-to-noise  ratio  (SNR)  improvements 
in  fiber  systems  that  are  exploited  in  commercial  FM  radio  and  video. 

In  Chapter  8,  we  presented  the  spurious-free  dynamic  ranges  (SFDRs),  RF  power 
transfer  ratios,  and  noise  figures  of  coherent  phase  modulated  (PM)  and  frequency 
modulated  (FM)  links  using  either  direct  modulation  of  the  grating  section  current  of  a 
laser  diode  or  external  phase  modulation.  We  found  that  coherent  angle  modulated 
systems  are  intrinsically  sensitive  to  phase  noise  because  their  signal  information  is 
contained  in  the  optical  phase.  For  a  combined  transmitter  laser  and  local  oscillator  laser 
linewidth  of  20  MHz,  phase  noise  is  the  dominant  noise  in  PM  and  FM  links  for  received 
optical  power  levels  above  -30  dBm,  and  limits  the  SFDR  to  30  dB  and  3 1  dB  in  a  1  GHz 
bandwidth  for  PM  and  FM  links,  respectively.  For  a  combined  linewidth  of  10  kHz, 
phase  noise  dominates  the  noise  characteristics  for  received  optical  power  levels  above  -5 
dBm,  and  limits  the  SFDR  to  5 1  dB  and  53  dB  in  a  1  GHz  bandwidth  for  PM  and  FM 
links,  respectively.  Angle  modulated  links  can  exhibit  substantial  RIN  insensitivity 
through  the  use  of  a  limiter  in  the  receiver  and  by  operating  at  an  IF  well  above  the  RIN 
roll-off  frequency.  The  linearity  of  angle  modulated  links  tends  to  improve  for  high  IFs 
due  to  the  improved  linearity  of  the  phase  or  frequency  discriminator  in  the  receiver. 

We  found  that  externally  angle  modulated  coherent  links  are  inherently  more  lossy 
than  externally  amplitude  modulated  links,  due  to  the  large  losses  of  the  integrator  and 
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discriminator  filters  in  these  links.  Extra  amplification  is  required  before  these  filters  for 
these  links  to  attain  their  SFDR  potential.  The  directly  frequency  modulated  coherent 
link,  on  the  other  hand,  is  less  lossy  than  externally  amplitude  modulated  links  due  to  its 
high  conversion  efficiency  of  input  RF  power  to  optical  frequency  deviation.  The 
difficulty  with  directly  frequency  modulated  links  is  that  it  is  difficult  to  guarantee  a 
linear  frequency  versus  current  characteristic  over  many  GHz  in  conjunction  with  a 
sufficiently  low  linewidth. 

In  Chapter  9,  we  considered  reference  transport  as  a  means  of  transmitter  phase 
noise  cancellation  (PNC)  in  angle  modulated  analog  links.  We  found  that  reference 
transport  in  links  using  direct  frequency  modulation  is  not  a  useful  means  of  PNC  because 
laser  phase  noise  in  links  using  direct  FM  is  equivalent  to  white  noise  in  the  original 
applied  RF  signal.  We  found  that  reference  transport  in  externally  angle  modulated  links 
requires  frequency  shifting  of  the  reference  to  facilitate  demodulation  of  the  PM  or  FM 
signal.  As  a  result,  we  analyzed  a  novel  class  of  linewidth-insensitive  analog  links: 
interferometric  angle  modulated  links.  Linewidth  insensitivity  is  attained  through  the 
transport  of  a  reference  derived  from  the  transmitter  laser  in  the  same  fiber  as  the  optical 
field  carrying  the  desired  signal.  The  IF  frequency  shift  required  for  demodulation  of  FM 
and  PM  signals  is  generated  using  a  novel  electro-optic  quasi-single  sideband  (SSB) 
frequency  shifter  in  heterodyne  interferometric  links  and  using  mixers  at  the  receiver  in 
homodyne  interferometric  links. 

We  presented  the  SFDRs,  RF  power  transfer  ratios,  and  noise  figures  of 
heterodyne  and  homodyne  interferometric  PM  and  FM  links.  Since  interferometric  links 
are  more  linear  than  externally  amplitude  modulated  links  for  high  intennediate 
frequencies,  the  phase  modulated  interferometric  links  (HIPM  and  HPM)  show  about  a  2 
dB  SFDR  advantage  over  amplitude  modulated  links  at  low  received  optical  powers.  The 
frequency  modulated  interferometric  links  (HIFM  and  HFM)  show  a  corresponding  5  dB 
SFDR  advantage.  As  laser  relative  intensity  noise  (RIN)  becomes  dominant  for  received 
optical  powers  above  1  mW,  the  potential  SFDR  advantage  of  the  interferometric  links 
increases.  At  a  received  optical  power  of  10  mW,  the  HIFM  link  shows  an  1 1  dB  SFDR 
advantage  over  a  direct  detection  link  for  a  laser  RIN  of -155  dB/Hz.  For  a  laser  RIN  of 
-130  dB/Hz,  the  HIPM  link  shows  a  24  dB  SFDR  advantage  over  the  direct  detection 
link.  Heterodyne  interferometric  links  are  partially  insensitive  to  laser  RIN  because  the 
signal  information  is  in  the  optical  phase.  However,  they  are  not  completely  insensitive 
to  laser  RIN  due  to  the  RIN  of  the  optical  reference.  Homodyne  interferometric  links  are 
less  insensitive  to  laser  RIN  because  baseband  RIN  is  converted  up  to  the  intermediate 
frequency  of  the  receiver. 
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Interferometric  links  are  also  significantly  more  lossy  than  externally  amplitude 
modulated  links.  They  share  the  lossy  integrator  and  discriminator  filters  of  the  coherent 
angle  modulated  links  and  have  additional  optical  losses  due  to  the  optical  reference 
transport.  As  a  result,  significant  amplification  is  again  required  for  interferometric  links 
to  reach  their  SFDR  potential. 

We  briefly  describe  a  proof-of-concept  experimental  demonstration  of  an  HIPM 
link  to  verify  the  potential  of  interferometric  links.  A  23  dB  suppression  of  third-order 
nonlinearities  (7.7  dB  SFDR  improvement)  over  that  of  a  conventional  direct  detection 
link  is  obtained  using  an  HIPM  link  with  an  intermediate  frequency  of  650  MHz  and 
signal  frequencies  of  47.5  and  52.5  MHz.  Data  is  presented  which  shows  the  significant 
impact  of  receiver  nonidealities,  indicating  that  the  SFDR  improvement  can  be  nearly 
twice  as  large  in  a  carefully  optimized  system. 

In  Chapter  10,  we  consider  the  use  of  optical  amplifiers  to  increase  the  available 
optical  power  in  interferometric  links.  We  derive  the  SFDR  expressions  for  optically 
amplified  interferometric  PM  and  FM  links  and  show  that  for  realistic  antenna  remoting 
system  parameters  (including  modulator  and  link  losses),  the  HIPM  and  HIFM  links  have 
the  potential  to  improve  link  SFDRs  by  6  dB  and  9  dB,  respectively,  over  an  optically 
amplified  direct  detection  link. 

In  Chapter  11,  we  consider  a  simple  method  for  discriminator  linearization  to 
improve  angle  modulated  link  SFDR.  Assuming  the  realistic  antenna  remoting  system 
parameters  of  Chapter  10,  a  linearized  HIPM  link  can  potentially  gain  7  dB  of  SFDR  over 
an  unlinearized  HIPM  link  at  a  received  optical  power  of  10  mW. 

In  Chapter  12,  we  consider  the  use  of  subcarrier  multiplexing  (SCM)  as  a  means  of 
transmitting  many  narrowband  channels  using  a  single  transceiver.  The  derived  results  are 
used  to  find  signal  power,  laser  linewidth,  and  laser  RIN  requirements  for  analog  video 
systems,  SCM  digital  systems,  and  antenna  remoting  systems.  For  AM  video  and 
antenna  remoting  applications,  low-linewidth  sources  such  as  Nd:YAG  lasers  are  needed 
for  PM  and  FM  coherent  systems.  For  these  same  applications,  the  amplitude 
modulated  links  need  extremely  high  received  optical  powers  and  low  RIN  due  to  the  high 
required  CNRs.  Even  if  optical  amplifiers  (OAs)  are  used  in  the  amplitude  modulated 
links,  noise  associated  with  the  spontaneous  emission  of  OAs  and  the  received  power 
limitations  on  the  photodiode  may  prevent  the  fulfillment  of  the  SFDR  requirements  in 
that  link.  For  FM  video  and  SCM  digital  applications,  presently  available  semiconductor 
laser  diodes  can  easily  fulfill  the  requirements  on  the  laser  transmitter  in  the  direct 
detection  and  the  coherent  systems.  Interferometric  links  behave  similarly  to  the  direct 
detection  and  coherent  AM  links,  with  less  stringent  RIN  requirements. 
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The  fundamental  conclusion  which  we  draw  from  our  work  on  angle  modulated 
links  is  that  coherent  angle  modulated  links  are  promising  for  low  received  powers  (<  1 
mW)  and  low  laser  linewidths,  while  interferometric  angle  modulated  links  are  promising 
for  high  received  powers  (>  1  mW).  As  a  result,  coherent  angle  modulated  links  are 
potentially  useful  in  distribution  and  other  high-loss  links  using  solid-state  Nd;YAG  or 
low-linewidth  (<  100  kHz)  semiconductor  lasers.  Interferometric  links  do  not  have 
linewidth  requirements  but  do  require  high-power  semiconductor  lasers  and  optical 
amplification.  All  externally  angle  modulated  links  are  lossy  in  the  RF  domain  and  require 
more  RF  amplification  than  in  externally  amplitude  modulated  links. 

13.2  Recommendations  for  Future  Work 

The  future  work  discussed  in  this  section  pertains  to  externally  angle  modulated 
links.  Future  work  pertaining  to  directly  frequency  modulated  links  is  discussed  in 
Chapter  15. 

Because  of  the  SFDR  limitation  due  to  laser  linewidth  and  our  interest  in  using 
semiconductor  lasers  in  experimental  work  for  this  project,  we  chose  to  build  a 
heterodyne  interferometric  link  instead  of  an  externally  angle  modulated  (PM  or  FM) 
coherent  link.  In  this  section,  we  will  therefore  discuss  possible  improvements  to  the 
heterodyne  interferometric  link.  This  discussion  is  also  relevant  to  externally  angle 
modulated  coherent  links*. 

13.2.1  Transmitter  Design  Considerations 

Many  of  the  important  issues  in  transmitter  design  for  heterodyne  interferometric 
links  are  discussed  in  Section  9.6.3.  The  main  conclusions  are  that  amplification  of  the 
RF  input  signal  must  be  done,  particularly  after  integration  in  FM  links,  to  attain  the 
maximum  possible  phase  deviation  from  the  phase  modulator,  and  that  an  integrated 
modulator  must  be  built  to  minimize  optical  loss,  to  equalize  modulator  splitting 
coefficients,  and  to  guarantee  that  the  applied  IF  sinusoids  are  in  quadrature. 

The  remaining  issue  is  the  design  of  the  integrated  modulator.  Conventional  high¬ 
speed  modulators  use  LiNbOs  to  provide  the  optical  phase  shift  and  traveling- wave 
electrodes.  Narrowband  resonant  RF  design  for  the  IF  electrodes  in  the  modulator  will 


*  To  build  a  coherent  angle  modulated  link,  we  would  use  the  optics  section  of  the  AM-WIRNA  system 
with  the  Mach-Zehnder  amplitude  modulator  replied  by  a  phase  modulator.  The  receiver  construction 
would  be  identical  to  that  for  the  heterodyne  interferometric  link. 
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reduce  drive  power  requirements.  LiNbOj  modulators  are  adequate  for  the  signal  and  IF 
frequency  parameters  used  in  Chapter  9  (1  GHz  to  2  GHz  signal,  15  GHz  IF).  For  future 
systems,  nonlinear  polymers  may  soon  exhibit  higher  modulation  speeds,  lower  drive 
voltages,  and  cheaper  packaging  costs  than  LiNbOs. 

13.2,2  Receiver  Design  Considerations 

Theoretical  predictions  of  HIPM  link  performance  indicate  that  performance  over 
AM  direct  detection  links  can  be  improved  substantially.  These  performance  predictions 
assume  that  the  receiver  components  are  "well  behaved,"  i.  e.  receiver  noise  performance 
is  dominated  by  front-end  thermal  noise,  and  link  nonlinearities  are  dominated  by  the 
idealized  shape  of  a  delay  line  filter.  However,  in  the  proof-of-concept  HIPM  experiment 
we  performed,  receiver  perfonnance  was  dominated  by  nonideal  receiver  component 
characteristics.  These  nonidealities  included  amplifier  and  mixer  nonlinearities,  non-flat 
frequency  responses  of  the  various  components,  RF  reflections  between  the  various 
components  causing  ripples  in  the  passband  frequency  characteristics,  and  excess  noise 
associated  with  the  amplifiers  and  mixers. 

Research  and  development  is  required  to  build  and  demonstrate  a  high- 
performance  receiver  for  angle  modulated  links.  With  such  a  receiver,  the  high  dynamic 
ranges  predicted  by  theory  can  be  approached  in  a  demonstration  link. 

One  of  the  more  fundamental  decisions  in  receiver  (and  link)  design  is  the  choiee  of 
intermediate  frequency  (IF).  Theoretical  predictions  indicate  that  the  highest  possible  IF 
is  desirable  to  achieve  the  most  linear  frequency  discriminator  response,  and  to  allow  the 
most  suppression  of  RIN.  However,  there  are  practical  limitations  to  IF  choice  based  on 
electronic  component  and  photodetector  performance  and  availability  at  very  high  IFs. 
For  IFs  much  above  40  GHz,  component  availability  decreases  substantially.  In  the 
development  of  a  high-performance  angle  modulation  receiver,  such  pragmatic  issues  are 
of  great  importance. 

Other  than  the  discriminator  filter,  all  other  components  in  the  angle  modulation 
receiver  must  exhibit  very  flat  bandpass  characteristics  across  the  entire  IF  bandwidth. 
Amplifiers  meeting  this  requirement  must  be  identified;  it  is  anticipated  that  it  should  be 
possible  to  find  commercial  amplifiers  which  meet  the  system  requirements.  These 
amplifiers  must  also  exhibit  sufficiently  low  nonlinearities  and  noise  so  that  they  do  not 
degrade  receiver  performance.  The  issues  of  flat  frequency  response  and  low  noise  and 
nonlinearities  also  hold  for  the  mixer  used  in  the  receiver.  As  is  the  case  with  amplifiers. 
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there  is  a  tremendous  variety  of  commercial  mixers,  and  it  should  be  possible  to  meet  the 
system  requirements  with  a  standard  part. 

In  connecting  the  various  components  in  the  receiver,  reflections  can  arise.  These 
reflections  cause  ripple  across  the  frequency  response  of  the  chain  of  components  in  the 
receiver.  In  an  angle  modulated  link,  such  frequency  ripple  can  give  rise  to 
intermodulation  distortion  through  phase-to-amplitude  conversion.  Proper  receiver 
design  requires  the  liberal  use  of  RF  attenuators  and  isolators  to  suppress  these 
reflections. 

A  high-performance  limiter  is  also  required  in  the  receiver.  The  limiter  suppresses 
amplitude  variation  associated  with  RIN  and  any  spurious  optical  amplitude  modulation. 
Additionally,  the  limiter  can  be  used  to  suppress  some  of  the  spurious  amplitude 
modulation  associated  with  non-flat  frequency  response  of  various  receiver  components. 
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Chapter  Fourteen 


Summary  and  Comparison  of  Link  Design 


14.1  Comparison  Between  Amplitude  and  Angle  Modulated  Links 

In  this  report,  the  main  links  which  we  have  compared  are  the  heterodyne 
coherent  AM  (WIRNA)  link,  the  coherent  angle  modulated  (FM  or  PM)  link,  the 
heterodyne  interferometric  (HIFM  or  HIPM)  link,  and  the  conventional  direct  detection 
(DD)  link.  Chapters  8  and  9  contain  a  full  theoretical  comparison  of  these  links,  while 
Chapters  4  through  6  contain  an  experimental  comparison  of  the  coherent  AM  link  to  the 
conventional  DD  link.  In  this  section,  we  will  reiterate  our  main  conclusions. 

Due  to  the  high  power  local  oscillator  laser  in  coherent  receivers,  coherent  links 
exhibit  substantial  immunity  to  thermal  noise.  For  low  received  optical  powers  (<  100 
to  1  mW),  coherent  AM  links  can  outperform  DD  links.  For  high  LO  powers  of 
approximately  10  mW  and  higher,  the  crossover  point  occurs  at  between  1  and  5  mW. 
Therefore,  coherent  AM  links  are  most  applicable  for  applications  with  low  received 
power,  such  as  broadcast  and  distribution  systems. 

Coherent  angle  modulated  links  are  sensitive  to  laser  phase  noise.  However,  for 
laser  linewidth  values  below  100  kHz  (exhibited  by  solid-state  Nd:YAG  lasers  and  multi¬ 
quantum-well  semiconductor  lasers),  these  links  can  potentially  outperfonn  coherent  AM 
and  DD  links  for  a  received  optical  power  of  1  mW.  The  farther  the  laser  linewidth  dips 
below  100  kHz,  the  greater  the  improvement  in  SFDR.  Fig.  8-4  shows  that  for  an 
Nd:YAG  transmitter  and  local  oscillator,  coherent  angle  modulated  links  can  outperform  a 
DD  link  for  received  optical  powers  up  to  10  mW  for  antenna  remoting  parameters. 
Assuming  the  use  of  semiconductor  lasers,  coherent  angle  modulated  links  remain  most 
applicable  for  applications  with  low  received  power,  such  as  broadcast  and  distribution 
systems. 

Interferometric  angle  modulated  links  are  insensitive  to  laser  phase  noise.  They 
also  do  not  have  an  LO  laser,  which  means  that  they  perfonn  best  at  high  received  powers 
(like  the  DD  link).  Fig.  9-9  shows  that  interferometric  links  can  potentially  outperform 
DD  links  over  the  full  range  of  received  optical  powers  from  10  pW  to  100  mW.  Fig.  9- 
10  shows  that,  assuming  a  laser  linewidth  of  100  kHz,  these  links  can  potentially 
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outperfoim  coherent  angle  modulated  links  only  above  1  mW.  Therefore,  interferometric 
links  remain  most  applicable  for  applications  with  high  received  power,  such  as  cellular 
antenna  to  base  station  connection. 

14.2  Potential  Link  Applications 

In  this  section,  we  consider  the  suitability  of  coherent,  interferometric,  and  direct 
detection  links  for  two  promising  applications  for  optical  analog  links.  Section  14.2.1 
compares  the  suitability  of  coherent  and  direct  detection  links  in  broadcast  and 
distribution  networks.  Section  14.2.2  compares  the  suitability  of  optically  amplified 
interferometric  and  direct  detection  links  in  cellular  base  station  to  antenna  connections,  in 
which  high  power  is  required  for  the  downlink. 

14.2.1  Broadcast  and  Distribution  Networks 

One  of  the  conclusions  which  we  obtained  from  our  theoretical  and  experimental 
work  is  that  for  low  optical  powers,  coherent  links  give  a  higher  dynamic  range  than  the 
direct  detection  link,  while  for  high  optical  powers,  the  direct  detection  link  performs 
better.  In  this  section,  we  discuss  the  implications  of  this  conclusion  for  broadcast  and 
distribution  networks. 

Many  applications  of  optical  communication  require  that  infonnation  not  only  be 
transmitted  but  also  distributed  to  a  group  of  destinations.  Distribution  networks  using 
only  passive  devices  are  attractive  due  to  their  lower  cost  and  simple  maintenance.  An 
example  of  such  application  is  the  distribution  of  master  oscillator  signals  to  the  elements 
of  an  optically  controlled  active  phase  array  radar.  Transmission  distances  are  usually 
relatively  short  but  the  distribution  capacity  of  the  system  is  critical. 

Three  common  topologies  for  distribution  networks  are  the  star,  hub  and  bus. 
The  star  topology  shown  in  Fig.  14-1  is  frequently  used  and  is  considered  here.  In  this 
topology,  all  destinations  are  connected  through  point-to-point  links  to  a  star  coupler. 
The  transmitter  optical  power  Pi  is  divided  equally  among  N  destinations.  For  a  passive 
star  composed  of  directional  couplers,  the  received  optical  power  per  subscriber  can  be 
written  as: 


P 

s 


P. 

=  -^(1-5) 
N 


log-  N 


(14.1) 
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where  d  accounts  for  the  excess  loss  and  Pi  is  the  input  power  from  the  transmitter  laser. 


14.2. 1.1  Experimental  Comparison  of  Coherent  AM  and  DD  Links 


Using  3  dB  couplers  and  the  experimental  set-up  shown  in  Fig.  14-2,  we  measured 
the  SFDR  as  a  function  of  the  number  of  destinations  for  both  coherent  AM  and  direct 
detection  links.  Since  each  coupler  divides  the  optical  power  into  two  destinations,  k 
cascaded  couplers  simulate  the  output  for  2^  destinations.  The  star  topology  distribution 
system  for  2,  4,  8  and  16  destinations  were  constructed  with  3  dB  couplers  as  shown  in 
Figs.  14-3(a),  (b),  (c),  and  (d),  respectively.  We  were  limited  to  16  destinations  by  the 
number  of  3  dB  couplers  we  had.  Index-matching  gel  was  used  for  the  coupler  FC/PC 
connectors  to  minimize  the  reflections. 


1.5  GHz  15dBNF. 

-16-20  dB  Gam 


Fig.  14-2.  Measurement  set-up  for  the  distribution  system 
proof-of-concept  experiment. 
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Table  14-1.  System  Parameters 


DFB  laser:  T  =  22.5°C 
I  =  80.02  mA 
Ps  =  54.7  mW 


LO  laser:  Wavelength  =  1544.95  nm 

I  =  134.5  mA 
T1  =  24.334°C 
Te  =  30°C 

_ Pi.o  =  204.1  mW _ 


3.6  dB  loss 


From  the 
EOM 


To  the 
coherent 
receiver 


3  dB  Coupler 


(a) 


3.8  dB  loss 


To  the 
coherent 
receiver 


3.2  dB  loss 


To  the 
coherent 
receiver 


Fig.  14-3.  Distribution  system  we  used  consisting  of  3  dB  couplers  for: 

(a)  2  destinations,  (b)  4  destinations,  and  (c)  8  destinations. 

Losses  in  each  coupler  are  indicated.  (Continued  on  the  next  page). 

The  shaded  elements  were  omitted  since  they  were  not  needed  for  the  measurement. 
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3.4  dB  loss  To  the 


Fig.  14-3(d).  Distribution  system  we  used  consisting  of  3  dB  couplers 
for  16  destinations.  Losses  in  each  coupler  are  indicated. 

The  shaded  elements  were  omitted  since  they  were  not  needed  for  the  measurement. 


Fig.  14-4  shows  the  experimental  measurements  we  obtained  for  the  SFDR  as  a 
function  of  the  number  of  destinations  for  the  coherent  AM  and  direct  detection  links. 
The  system  parameters  are  listed  in  Table  14-1. 

Inspection  of  Fig.  14-4  shows  that  the  coherent  link  perfonns  better  than  the 
direct  detection  link  except  for  systems  with  a  small  number  (=  2)  of  destinations. 
Therefore,  coherent  AM  links  have  the  potential  to  be  applied  to  distribution  systems 
like  phased  array  radar  or  broadcast  of  multiple  video  channels. 
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Fig.  14-4.  SFDR  versus  the  number  of  destinations  for 
coherent  AM  and  direct  detection  links. 


Fig.  14-5.  SFDR  versus  link  loss  in  dB  for  coherent  angle  modulated 
and  direct  detection  links. 


196 


14.2.1.2  Comparison  of  Coherent  Angle  Modulated  and  DD  Links 

Fig.  14-5  shows  a  simple  example  of  the  significant  gains  that  are  potentially 
available  through  the  use  of  coherent  angle  modulated  links  in  distribution  systems.  For  a 
laser  power  (neglecting  modulator  excess  losses)  of  1  mW,  a  linewidth  of  100  kHz,  and  an 
LO  power  of  10  mW,  the  SFDR  improvement  is  over  25  dB  for  a  20  dB  link  loss  and 
over  35  dB  for  a  30  dB  link  loss.  These  gains  are  much  larger  than  those  of  the  coherent 
AM  link  over  the  DD  link.  As  a  result,  coherent  angle  modulated  links,  though  more 
complex  than  DD  links,  exhibit  potential,  especially  for  low-linewidth  lasers,  to 
significantly  outperform  DD  and  coherent  AM  links. 

14.2.2  Cellular  Base  Station  to  Antenna  Connections 

Fig.  14-6  shows  a  potential  configuration  for  the  fiber  connections  between  base 
station  and  antenna  locations  in  antenna  remoting  and  cellular  systems.  The  optical 
power  output  of  a  CW  semiconductor  laser  is  split,  with  one  path  being  routed  to  the 
interferometric  link  modulator  and  the  other  being  routed  directly  to  the  antenna  location. 
This  eliminates  the  need  for  a  separate  laser  at  each  antenna.  The  outbound  RF  signal 
from  the  base  station  is  applied  to  the  interferometric  link  modulator,  and  the  output 
optical  field  is  then  amplified  and  sent  to  the  antenna  location  for  transmission  to  mobile 
users.  Inbound  RF  signals  from  mobile  users  are  applied  to  a  modulator  at  the  antenna 
location,  and  the  output  optical  field  is  sent  to  the  base  station  for  processing  and  routing 
to  the  desired  destination  address.  The  SFDR  requirements  for  the  downlink  (base 
station  to  antenna)  are  40  -  50  dB  for  mobile  users  in  indoor  or  uncongested  outdoor 
environments  but  increase  to  greater  than  70  dB  for  users  in  environments  where  there  are 
occlusions  or  where  jamming  may  be  present  [1].  For  the  uplink  (antenna  to  base 
station),  40  -  50  dB  SFDR  is  adequate  since  the  signal  has  already  passed  through  the 
noisy  atmospheric  link.  These  requirements  are  highly  demanding,  particularly  for  the  L 
(1  -  2.6  GHz)  microwave  band  to  be  used  by  futuristic  beamforming  antennas  and  SCM 
cellular  systems. 

One  possible  approach  for  the  downlink  is  to  use  linearized  laser  diodes  or  high- 
power  Nd:YAG  lasers  with  linearized  external  modulator  and  direct  detection.  As  the 
density  of  users  in  each  service  area  (or  microcell)  and  the  bandwidth  requirements  of 
desired  services  increase,  the  linearization  and  packaging  of  optical  components  to  satisfy 
the  extremely  high  SFDR  requirements  will  become  increasingly  difficult  and  expensive. 
Also,  the  power  budget  of  the  downlink  will  be  limited  by  the  unavoidable  effects  of 
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clipping  due  to  output  power  saturation  during  optical  amplification.  These  problems 
will  be  less  severe  for  components  needed  to  satisfy  the  lower  SFDR  requirements  of  the 
uplink.  As  a  result,  the  uplink  modulator  in  Fig.  8  could  represent  a  linearized  external 
modulator.  The  limited  power  (on  the  order  of  -10  dBm)  available  at  the  base  station 
receiver  for  10  dB  link  loss  also  makes  the  uplink  well-suited  for  coherent  angle- 
modulated  links  [2]. 


Fiber 


Fig.  14-6.  Potential  configuration  for  antenna  remoting  and  cellular  systems. 


PM  and  FM  heterodyne  interferometric  links  (referred  to  as  simply 
interferometric  links  for  the  remainder  of  this  section)  are  interesting  alternatives  for 
future  downlinks,  in  particular,  and  uplinks.  The  unlinearized  PM  and  FM 
interferometric  links  offer  the  potential,  as  shown  in  Chapter  9,  to  significantly 
outperform  unlinearized  externally  modulated  DD  links.  The  SFDR  improvement 
attainable  through  simple  filter  linearization  at  the  receiver  is  shown  to  be  comparable  to 
the  improvement  through  external  modulator  linearization.  The  constant  envelope  of 
angle-modulated  signals  makes  it  possible  to  take  advantage  of  the  full  available  output 
power  of  the  optical  amplifier.  The  linewidth  insensitivity  of  interferometric  links 
enables  the  use  of  analog  angle  modulation  without  the  simultaneous  requirement  of 
extremely  low  laser  linewidth,  which  is  a  major  difficulty  in  other  angle-modulated  analog 
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links  [2];  as  a  result,  semiconductor  lasers  are  feasible  alternatives  for  solid-state  lasers  in 
interferometric  links.  The  construction  of  wideband  receivers  is  already  possible  in  the  25 
GHz  IF  range,  and  future  components  will  enable  this  to  be  increased  further.  Though  RF 
amplification  is  required  in  all  optical  links,  additional  amplification  is  necessary  in 
lAOLs  to  compensate  for  losses  in  the  integrator  and  discriminator  filter. 


Laser  power,  dBm 


Fig,  14-7.  SFDRs  of  the  FM  interferometric  link,  the  PM  interferometric  link,  and 
a  DD  link  plotted  versus  laser  power  for  SCM  cellular  voice  channels  (30  kHz) 
in-.the  800  MHz  frequency  band.  Solid  lines  correspond  to  10  channels 
and  dotted  lines  correspond  to  100  channels. 

A  potentially  inexpensive  approach  for  future  downlink  and  uplink  connections  is 
to  use  high-power  semiconductor  lasers  with  external  modulators  (such  as  an 
interferometric  link  modulator)  integrated  into  a  compact  transmitter  module.  Output 
optical  powers  of  100  mW  at  1.51  |im  [3]  and  over  1  W  at  other  infrared  wavelengths  [4] 
have  already  been  demonstrated  using  multiple  quantum  well  devices.  The  choice  of 
external  modulation  removes  the  need  for  lasers  which  must  be  highly  linear  and  have 
uniform  modulation  response  at  multi-GHz  frequencies.  The  recent  availability  of  optical 
amplifiers  at  1 .3  |im  will  remove  the  problem  of  chromatic  dispersion  for  fiber  links 
longer  than  a  couple  of  kilometers  without  causing  fiber  attenuation  to  become 
unmanageable;  this  is  particularly  important  for  angle-modulated  systems  such  as  the 
interferometric  link.  The  potential  SFDR  advantages  of  interferometric  links  at  high 


powers  make  their  use  an  interesting  alternative,  particularly  for  transmission  of 
wideband  signals  at  high  subcarrier  frequencies. 

Fig.  14-7  compares  the  SFDRs  of  the  three  links  vs.  laser  power  for  SCM  cellular 
voice  channels  (30  kHz  each)  located  at  the  800  MHz  cellular  band  for  a  link  loss  of  12 
dB,  which  is  representative  of  the  loss  in  a  20  km  fiber  link  at  1 .3  fim  including  connector 
losses.  The  FM  and  PM  interferometric  links  exhibit  maximum  SFDR  advantages  over 
the  DD  link's  SFDR  of  13  dB  and  11  dB,  respectively.  For  10  channels,  the  FM 
interferometric  link  reaches  the  70  dB  SFDR  required  for  transmission  in  occluded  regions 

[1]  for  a  laser  power  of  2  mW;  for  100  charmels,  the  FM  interferometric  link  reaches  70 
dB  SFDR  at  slightly  more  than  10  mW.  The  DD  link  does  not  reach  70  dB  SFDR  in 
either  case.  Note  that  the  SFDR  difference  between  the  10  channel  and  100  channel  cases 
is,  conveniently,  10  dB. 
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Chapter  Fifteen 


Recommendations  for  Future  Work 


In  this  chapter,  we  recommend  directions  for  future  work  relating  to  analog  fiber 
optic  links.  In  Section  15.1,  we  discuss  potential  future  work  for  directly  frequency 
modulated  analog  links.  In  Section  15.2,  we  discuss  the  importance  of  the  impact  of  fiber 
characteristics  on  analog  links  and  potential  future  work  in  this  area.  Section  15.3 
contains  references. 

15.1  Directly  Frequency  Modulated  Analog  Links 

During  our  current  project,  we  have  shown  that  analog  optical  FM  links  can 
potentially  achieve  larger  spurious-free  dynamic  range  (SFDR)  than  AM  links  if  laser 
linewidths  are  sufficiently  small  (below  100  kHz).  Recently,  there  have  been  several 
demonstrations  of  semiconductor  lasers  with  linewidths  of  100  kHz  and  below  [1-3]. 
These  lasers  can  be  directly  frequency  modulated  and  have  been  demonstrated  to  have 
output  powers  on  the  order  of  10  mW.  They  are  typically  fabricated  using  strained 
multi-quantum  well  (MQW)  materials  and  distributed  feedback  (DFB)  or  grating  reflector 
configurations.  Such  devices  remain  in  the  research  stage  at  present  but  should  become 
more  widely  available  during  the  next  several  years. 

Though  frequency-shift-keying  (FSK),  the  digital  counterpart  of  FM,  has  been 
widely  investigated  and  demonstrated  for  use  in  optical  communication  systems,  there 
have  been  only  a  few  investigations  of  the  use  of  optical  FM  in  analog  optical  links.  A 
notable  exception  is  the  combined  theoretical  and  experimental  work  of  GTE  Labs  and 
Stanford  on  a  directly  modulated  FM  system  for  subcarrier  multiplexed  (SCM)  video 
transmission  [4].  During  the  past  two  years  at  Stanford,  we  have  developed  theoretical 
models  for  predicting  the  performance  of  both  directly  and  externally  modulated  FM 
coherent  analog  links,  taking  into  account  laser  linewidth,  laser  relative  intensity  noise 
(RIN),  receiver  noise,  and  nonlinearities  of  the  frequency  discriminator. 

A  coherent  FM  link  is  shown  in  Fig.  15-1.  The  signal  laser  has  at  least  two 
electrodes,  where  one  is  used  to  provide  the  gain  and  the  other  is  used  to  vary  the  laser 
frequency.  In  the  FM  link,  the  payload  signal  is  input  to  the  electrode  which  controls  the 
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frequency  of  the  laser  diode.  At  the  receiver,  the  output  of  a  local  oscillator  laser  is 
combined  with  the  signal  and  is  heterodyned.  The  heterodyned  current  is  then  limited, 
put  through  a  discriminator  filter,  and  envelope  detected. 


Fig- 15-1.  FM  link  using  direct  modulation  and  a  coherent  optical  receiver. 


An  interesting  alternative  to  a  coherent  detection  FM  receiver  is  a  direct  detection 
FM  receiver  in  which  the  photodetector  is  preceded  by  a  optical  filter  (Fig.  15-2).  If  the 
FM  optical  spectrum  falls  on  a  linear  slope  of  the  filter  transfer  characteristic,  the  filter 
will  differentiate  the  optical  signal,  and  convert  the  frequency  deviation  to  amplitude 
deviation.  The  optical  filter  thus  performs  the  same  function  as  the  discriminator  filter  in 
a  coherent  receiver. 


Gain  Input 

current  signal  Photodetcctor 


laser 

Fig.  15-2.  FM  link  using  an  optical  filter  and  a  direct-detection  receiver. 

Motivated  by  the  recent  advances  in  laser  technology  and  our  encouraging 
theoretical  results  for  FM  links  based  on  narrow-linewidth  lasers,  we  recommend  an 
experimental  and  theoretical  investigation  of  FM  analog  links.  The  experimental 
investigation  will  involve  the  construction  and  characterization  of  an  FM  analog  link  using 
direct  modulation  of  low-linewidth  semiconductor  lasers. 
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15.1.1  Theoretical  Work 


We  recommend  the  theoretical  investigation  of  the  following  facets  of  FM  analog 
optical  links:  (a)  the  degree  of  nonlinearity  of  the  laser  frequency-vs.-current 
characteristic  of  semiconductor  lasers  and  its  impact  on  the  dynamic  range;  (b)  the 
nonuniformity  of  the  laser  FM  response  and  its  impact  on  the  dynamic  range;  (c)  the 
impact  of  laser  RIN  and  linewidth;  and  (d)  the  impact  of  fiber  imperfections,  including 
dispersion  and  nonlinearities  (see  Section  15.2  for  a  discussion  of  fiber  imperfections.) 
The  theoretical  investigation  will  be  conducted  for  both  coherent  and  direct-detection  FM 
links. 

When  a  current  through  the  grating  section  of  a  DFB  or  DBR  laser  changes,  its 
lasing  frequency  will  change.  The  frequency  change  is  a  function  of  the  carrier  density  in 
the  active  region  and,  for  large  SFDR,  should  be  a  linear  function  of  the  drive  current 
irrespective  of  the  modulating  frequency.  The  actual  linearity  (or  nonlinearity)  of  the 
laser  frequency  versus  current  characteristic  is,  however,  unknown.  It  is  important  to 
model  the  laser  frequency-vs.-current  characteristic  of  actual  laser  diodes  and  compare  it 
with  measurable  device  parameters.  It  is  important  to  assess  the  impact  of  this 
nonlinearity  on  link  dynamic  range. 

The  frequency  modulation  response  of  a  laser  diode  is  the  dependence  of  the 
optical  frequency  deviation  on  the  frequency  of  the  applied  modulating  current.  The  FM 
response  of  laser  diodes  is  not  uniform  as  a  result  of  the  follovidng  effects:  the  nonlinear 
interaction  of  the  carrier  and  photon  populations,  the  finite  carrier  and  photon  lifetimes, 
nonlinear  grating  dispersion,  and  mode  hopping.  It  is  important  to  model  the  FM 
response  of  actual  laser  diodes  and  compare  it  with  measurable  device  parameters.  It  is 
important  to  assess  the  impact  of  the  nonideal  laser  response  and  nonlinearities  of  the 
discriminator  filter  in  the  receiver.  It  is  important  to  model  the  impact  of  laser  FM 
response  on  SFDR  and  will  also  consider  means  of  equalizing  the  FM  response. 

The  signal  information  in  FM  links  is  contained  in  the  optical  phase  rather  than  in 
the  optical  intensity.  Therefore,  the  impact  of  RIN  on  FM  coherent  links  can  be  reduced 
by  a  limiter  in  the  receiver  and  a  balanced  front  end.  It  is  important  to  investigate  how 
well  a  practical  limiter  can  suppress  RIN,  and  how  well-balanced  the  receiver  must  be  in 
terms  of  matching  the  complex  frequency  response  of  the  two  photodetectors. 

It  is  important  to  theoretically  investigate  the  performance  of  a  direct  detection 
FM  link.  Specifically,  it  is  important  to  investigate  the  linearity  and  SFDR  of  the  link  for 
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various  types  of  optical  filters.  Additionally,  it  is  important  to  investigate  the  impact  of 
RIN  on  the  direct  detection  FM  link. 

15.1.2  Experimental  Work 

We  recommend  the  construction  and  characterization  of  an  experimental  FM  link. 
We  plan  to  use  a  directly  modulated  low-linewidth  laser  diode  to  produce  a  frequency 
modulated  optical  carrier.  If  a  coherent  optical  receiver  will  be  used,  it  will  contain  a  local 
oscillator  (LO)  laser  diode  similar  to  that  used  at  the  transmitter  (Fig.  15-1).  If  a  direct- 
detection  receiver  will  be  used,  the  receiver  will  contain  an  optical  filter  instead  of  a  local 
oscillator  laser  (Fig.  15-2). 

It  is  important  to  characterize  the  transmitter  laser  diode.  It  is  important  to 
measure  the  linearity  of  the  laser  frequency  versus  current  characteristic.  The  static 
linearity  will  be  measured  by  varying  the  dc  current  at  the  input  to  the  transmitter  grating 
section  and  measuring  the  optical  frequency  of  the  output  using  an  optical  spectrum 
analyzer.  The  dynamic  linearity  of  the  laser  is  more  difficult  to  quantify.  One  possible 
method  is  to  demodulate  the  optical  FM  signal  using  either  coherent  detection  with  delay 
line  discrimination  or  direct  detection  with  an  optical  filter.  If  two  microwave  tones  are 
used  as  the  test  signal,  the  output  signal  will  display  easily  measurable  nonlinear 
components.  This  is  shown  in  Fig.  15-3  for  coherent  detection.  The  photocurrent 
spectrum  is  a  downconverted  copy  of  the  laser  FM  spectrum,  and  the  output  spectrum 
contains  the  two  test  tones  plus  additional  components  stemming  from  the  laser  input. 
After  characterization  of  the  discriminator  using  a  network  analyzer,  it  may  be  possible  to 
eliminate  the  effect  of  the  known  discriminator  nonlinearities,  enabling  a  more  accurate 
characterization  of  the  laser  frequency  versus  current  characteristic. 

The  FM  response  of  a  laser  is  the  dependence  of  the  laser  frequency  deviation  on 
the  modulation  current  frequency.  It  is  important  to  characterize  the  FM  response  of  the 
transmitter  at  various  modulation  depths.  It  is  important  to  also  measure  the  optical 
linewidth  of  the  laser  and  the  laser  RIN. 

If  we  use  coherent  detection,  we  will  initially  build  a  simple  microwave  two- 
branch  delay-line  filter  and  characterize  the  system  performance  using  this  filter  in  the 
receiver.  It  is  important  to  then  construct  a  four  branch  delay-line  filter  and  use  this  filter 
in  the  link*.  It  is  important  to  then  evaluate  the  resulting  SFDR  improvement.  If  we  use 


*  Our  analysis  has  shown  that  a  four-branch  filter  can  eliminate  third-order  distonion.  making  fifth-wder 
distortion  the  dominant  nonlinearity  and  increasing  tlve  SFDR  by  4  -  8  dB. 
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direct  detection,  It  is  important  to  use  various  optical  filters  (such  as  a  fiber  Fabry-Perot 
and  a  Mach-Zehnder)  and  characterize  the  system  performance. 

It  is  important  to  verify  the  predictions  of  our  theoretical  model  for  link  SFDR  as 
a  fimction  of  laser  linewidth,  laser  RIN,  and  signal  optical  power  by  measuring  link  SFDR 
using  a  two-tone  input  signal.  It  is  important  to  measure  the  SFDR  penalty  due  to  laser 
nonlinearity  and  due  to  nonuniform  laser  FM  response. 
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Fig.  15-3.  Spectra  of  signals  in  an  FM  link  using  direct  modulation  and 
a  coherent  optical  receiver. 

15.2  Impact  of  Fiber  Characteristics  on  Analog  Links 

The  speed  of  light  in  an  optical  fiber  is  a  function  of  the  optical  frequency,  an 
effect  known  as  dispersion.  Dispersion  may  distort  a  signal  propagating  through  the 
fiber.  The  distortion  is  proportional  to  the  optical  *  signal  bandwidth  and  may  limit  the 
dynamic  range  of  analog  optical  links. 

Due  to  the  development  of  high-power  and  high-speed  lasers  and  optical 
amplifiers,  the  optical  power  and  bandwidth  of  the  signal  traveling  along  the  fiber  have 
increased  significantly.  Fiber  characteristics  can  potentially  limit  the  SFDR  of  analog 

*  Optical  signal  bandwidth  is  substantially  larger  than  the  bandwidth  of  the  electrical  signal  transmitted. 
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links;  fiber  dispersion  is  especially  important  at  high  RF  frequencies,  and  fiber 
nonlinearities  is  especially  important  at  high  optical  powers. 

For  optically  amplified  analog  links,  there  is  an  additional  concern.  In  the  course 
of  amplification,  optical  amplifiers  add  spontaneous  emission  to  the  signal.  Upon 
detection,  this  spontaneous  emission  results  in  a  number  of  noise  terms,  including  signal- 
spontaneous  beat  noise,  spontaneous-spontaneous  beat  noise,  and  excess  shot  noise.  For 
the  high  saturation  power  amplifiers  now  available,  signal  and  spontaneous  emission 
power  levels  may  be  quite  high.  The  impact  of  optical  fiber  nonlinearities  is  of  particular 
concern  in  such  systems. 

Four  types  of  fiber  nonlinearities  can  degrade  the  performance  of  optical  fiber 
systems:  (a)  four  wave  mixing  (FWM),  (b)  self  and  cross-phase  modulation  (SPM  and 
XPM,  respectively),  (c)  stimulated  Brillouin  scattering  (SBS),  and  (d)  stimulated  Raman 
scattering  (SRS).  The  four  effects  are  briefly  described  below: 

Fnvr  wavf>  mixing  fFWM):  Four  wave  mixing  is  caused  by  the  intensity-dependent 
refractive  index  of  optical  fiber.  Two  copropagating  waves  at  different  frequencies  can 
mix  together  to  generate  two  new  waves  at  different  frequencies.  In  WDM  systems,  this 
process  can  cause  power  losses,  signal  distortion  in  each  channel,  and  interference  with 
other  channels.  The  interaction  strength  of  FWM  depends  critically  on  the  phase 
matching  condition.  Because  of  the  dispersion  properties  of  optical  fibers,  this  process  is 
important  if  the  frequency  separation  between  channels  is  small  or  if  the  system  is 
operated  near  the  zero-dispersion  point. 

Srlfnnd  rross-nhase  modulation  (SPM  and  XPMh  The  nonlinear  index  of  refraction  of 
the  optical  fiber  may  cause  phase  changes  due  to  signal  intensity  fluctuations.  In  single 
channel  transmission  systems,  it  is  called  self-phase  modulation  (SPM).  In  WDM 
systems,  cross-phase  modulation  (XPM)  may  convert  intensity  fluctuation  in  one 
channel  to  phase  fluctuations  in  other  channels.  If  the  channel  separation  is  large  enough, 
no  new  frequencies  are  generated  by  these  effects. 

Stimulated  Brillmiin  scattprinp  fSBS)'.  Stimulated  Brillouin  scattering  is  an  interaction 
between  incident  light  and  acoustic  phonons  (sound  waves)  in  the  material.  Due  to 
energy  and  momentum  conservation  criteria,  SBS  in  optical  fibers  will  only  generate 
backward  propagating  waves  at  downshifted  frequencies  (Stokes  waves).  SBS  may  cause 
crosstalk  between  counter-propagating  waves  or  power  losses  due  to  reflection  in 
unidirectional  transmission  systems.  A  signal  wave  and  a  Stokes  wave  will  experience  a 
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strong  SBS  interaction  if  the  optical  frequency  separation  is  equal  to  the  fiber  acoustic 
resonance  frequency  (about  10-20  GHz).  Because  of  the  narrow  interaction  bandwidth  of 
SBS  than  several  hundreds  of  megahertz),  the  effect  of  SBS  is  especially  important 
for  narrow  linewidth  lasers. 

SitimulniPd  Raman  scatterinp  fSRS)\  Stimulated  Raman  scattering  is  an  interaction 
between  incident  light  and  optical  phonons,  or  molecular  vibrations  of  the  material.  The 
effects  of  SRS  are  similar  to  those  of  SBS,  except  that  SRS  can  cause  an  interaction 
between  copropagating  and  counter-propagating  waves.  The  SRS  gain  coefficient 
increases  approximately  linearly  with  frequency  separation  up  to  15,000  GHz.  This 
broad  bandwidth  means  that  it  is  impossible  to  avoid  SRS  by  proper  channel  allocation. 
SRS  may  lead  to  signal  power  losses  and  crosstalk  between  channels.  In  WDM  systems, 
power  may  be  transferred  from  channels  with  higher  frequencies  to  channels  with  lower 
frequencies.  This  interaction  becomes  stronger  as  the  number  of  channels  and  the  channel 
separation  increase. 

Fiber  imperfections  affect  the  system  as  follows; 

(1)  Fiber  dispersion  can  limit  the  spurious-free  dynamic  range  of  an  optical  link  even 
when  the  link  loss  budget  has  not  been  exceeded.  The  large  bandwidth  of  wide- 
deviation  FM  signals  may  also  increase  the  impact  of  dispersion. 

(2)  FWM  is  important  in  WDM  applications.  FWM  generates  a  new  frequency  of 
light  through  power  transfer  from  three  existing  frequencies.  The  wavelengths  of 
most  generated  signals  fall  into  the  waveband  of  WDM  signals;  therefore,  these 
signals  become  a  source  of  interference. 

(3)  SPM  induces  a  change  of  the  refractive  index  of  the  transmission  material 
proportional  to  the  light  intensity;  this  index  change  induces  a  phase  shift  in  the 
light,  which  can  directly  affect  PM  or  FM  systems.  For  AM  links,  this  phase 
modulation  results  in  frequency  chirping,  which,  together  with  fiber  chromatic 
dispersion,  may  cause  signal  distortion. 

(4)  When  two  or  more  waves  propagate  in  a  nonlinear  medium  (like  optical  fiber  at 
high  power  levels),  the  amplitude  modulation  of  one  wave  will  result  in  the  phase 
modulation  of  the  others  through  the  same  mechanism  that  leads  to  SPM.  This 
effects  is  known  as  XPM.  The  impact  of  XPM  can  be  large  in  WDM  systems, 
particularly  when  there  is  a  combination  of  AM  and  FM  optical  signals. 
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(5)  At  the  onset  of  SBS,  a  portion  of  the  optical  input  power  will  be  scattered  back, 
resulting  in  a  limit  on  the  transmittable  optical  power  of  amplifier-based  systems. 
FM  systems  may  be  less  susceptible  to  SBS  due  to  the  lower  power  spectral 
density  of  wideband  FM  signals  and  due  to  the  lower  received  power 
requirements  of  FM  signals. 

(6)  Due  to  fiber  nonlinearities,  the  spontaneous  emission  of  optical  amplifiers 
modulates  the  phase  of  the  transmitted  signal  and  broadens  its  spectrum.  This 
may  cause  additional  signal  distortion  for  optically  amplified  analog  links. 

15.2.1  Theoretical  Work 

We  recommend  the  investigation  of  the  impact  of  fiber  imperfections  (dispersion 
and  nonlinearities)  on  the  performance  of  analog  optical  links  with  and  without  optical 
amplifiers.  It  is  important  to  quantify  the  relationship  between  the  SFDR  and  fiber 
characteristics  taking  into  account  the  impact  of  optical  power,  signal  bandwidth,  and 
optical  amplifier  characteristics. 

It  is  important  to  develop  an  understanding  of  the  impact  of  fiber  dispersion  and 
fiber  nonlinearities  on  analog  optical  links  employing  both  conventional  single-mode  fiber 
and  dispersion-shifted  fiber.  It  will  then  be  possible  to  evaluate  the  SFDR,  RF  power 
transfer  ratio,  and  noise  figure  in  the  presence  of  fiber  imperfections,  and  to  subsequently 
identify  a  transmission  scheme  minimizing  the  impact  of  fiber  imperfections  on  analog 
optical  links. 

It  is  important  to  investigate  the  impact  of  fiber  dispersion  and  nonlinearities  on 
analog  fiber-optic  links  using  optical  amplifiers  by  concentrating  on  the  interaction 
between  optical  amplifier  characteristics,  fiber  dispersion  and  nonlinearities,  and  how 
these  phenomena  will  affect  the  SFDR,  RF  power  transfer  ratio  and  noise  figure.  It  is 
important  to  consider  the  difference  in  the  performance  of  systems  using  erbium-doped 
fiber  amplifiers  (EDFAs)  and  semiconductor  optical  amplifiers  (SOAs).  The  gain  of 
optical  amplifiers  can  be  saturated  by  high-level  signals  and  spontaneous  emission. 
Saturation  leads  to  both  gain  reduction  and  the  generation  of  intermodulation  distortion. 
EDFAs  have  much  slower  gain  dynamics  than  SOAs;  the  gain  variations  in  EDFAs  occur 
on  time  scales  of  10  ms  versus  1  ns  for  SOAs.  The  slower  gain  dynamics  of  EDFAs  leads 
to  substantially  lower  intermodulation  distortion  than  SOAs,  and  thus,  EDFAs  are  likely 
to  lead  to  better  link  performance.  SOAs  have  also  been  known  to  have  a  gain  ripple  due 
to  nonideal  antireflection  coating.  It  is  important  to  investigate  the  distortion  generated 
by  the  gain  ripple's  interaction  with  laser  frequency  chirping,  and  to  evaluate  the 
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intcnnodulation  distortion  generated  by  the  two  types  of  amplifiers.  It  will  then  be 
possible  to  evaluate  the  upper  limit  to  link  performance  imposed  by  the  intrinsic 
amplifier  and  fiber  characteristics.  It  is  also  important  to  investigate  the  optimum 
positioning  of  optical  amplifiers  to  minimize  the  impact  of  fiber  imperfections  on 
optically  amplified  analog  optical  links. 

It  is  important  to  identify  and  investigate  the  dominant  nonlinearities  for  each 
analog  system.  It  is  expected  that  for  single  channel  AM  links,  Brillouin  scattering  may 
be  the  dominant  effect  due  to  the  large  narrowband  carrier  term  in  AM  systems.  FM 
systems  spread  the  signal  power  over  a  wider  band  of  frequencies.  Though  this  may 
increase  the  impact  of  dispersion  on  FM  systems,  the  impact  of  fiber  nonlinearities  may 
be  reduced  for  the  same  reason,  in  FM  systems,  self-phase  modulation  is  expected  to  be 
the  dominant  effect  due  to  the  sensitivity  of  FM  systems  to  phase  perturbations.  In 
multichannel  systems,  four  wave  mixing  and  cross-phase  modulation  may  become  more 
important. 

It  is  important  to  investigate  techniques  for  reducing  the  impact  of  nonlinearities* 
and  to  identify  modulation  and  demodulation  techniques  that  minimize  the  degradation  of 
SFDR  due  to  fiber  imperfection. 

15.2.2  Experimental  Work 

It  is  important  to  experimentally  investigate  the  impact  of  fiber  dispersion  and 
nonlinearities  on  analog  optical  links  with  and  without  optical  amplifiers.  An  example  of 
an  experiment  to  measure  the  impact  of  fiber  dispersion  on  SFDR  is  shown  in  Fig.  15-4. 
The  effects  of  fiber  dispersion  are  investigated  for  (a)  a  directly  modulated  system  and  (b) 
an  externally  modulated  system.  It  has  been  experimentally  shovm  that  the  coupling  of 
laser  chirp  and  fiber  dispersion  causes  serious  degradation  of  the  dynamic  range  by  the 
second  order  nonlinearity  [5].  By  comparing  the  two  systems  for  different  modulation 
indexes  and  different  fiber  lengths  as  shown  in  Fig.  15-4,  it  is  possible  to  identify  the 
combined  effects  of  laser  chirp  and  fiber  dispersion. 

It  is  also  important  to  experimentally  investigate  the  interaction  between  optical 
amplifier  characteristics,  fiber  dispersion  and  nonlinearities,  and  how  these  phenomena 
affect  the  dynamic  range,  RF  power  transfer  ratio  and  noise  figure  of  analog  links.  This 
can  be  done  by  building  and  characterizing  the  link  sho\vn  in  Fig.  15-4  using  an  erbium- 
doped  fiber  amplifier  (EDFA)  and  a  semiconductor  optical  amplifier  (SOA),  and 

*  For  example,  it  has  been  experimentally  demonstrated  that  phase  modulation  can  be  used  to  reduce  the 
impact  of  Brillouin  scattering  on  AM  systems  [9]. 
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comparing  their  performance  to  quantify  the  relationship  between  the  optical  power, 
signal  bandwidth,  optical  amplifier  and  fiber  characteristics.  It  is  important  to  determine 
the  various  noise  terms  generated  by  the  amplifier  spontaneous  emission  at  the  receiver, 
such  as  signal-spontaneous  beat  noise,  spontaneous-spontaneous  beat  noise,  and  excess 
shot  noise.  It  is  also  important  to  investigate  the  impact  of  the  gain  ripple  found  in 
SOAs,  how  amplifier  gain  saturation  leads  to  both  gain  reduction  and  the  generation  of 
intermodulation  distortion,  and  the  optimum  positioning  of  optical  amplifiers  to  minimize 
the  impact  of  fiber  imperfections  on  optically  amplified  analog  optical  links. 
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Fig.  15-4.  Experimental  set-up  for  measuring  the  impact  of  dispersion  for 
a  directly  modulated  system  and  an  externally  modulated  system. 


An  example  of  an  experiment  to  measure  the  impact  of  stimulated  Brillouin 
scattering  is  shown  in  Fig.  15-5.  The  light  from  a  transmitter  laser  travels  through  a  long 
length  of  fiber  consisting  of  multiple  fiber  spools  spliced  together.  The  light  is  then 
coherently  detected  and  the  detected  signal  is  displayed  on  a  spectrum  analyzer.  A 
directional  coupler  is  included  to  allow  the  backscattered  light  due  to  Brillouin  scattering 
to  be  measured. 

As  shown  in  both  Figs.  15-4  and  15-5,  we  can  apply  two-tone  test  signals  to 
measure  the  (a)  spurious-free  dynamic  range,  (b)  intermodulation  levels,  (c)  signal-to  noise 
ratio,  (d)  RF  power  transfer  ratio  and  (e)  noise  figure  as  a  function  of  laser  power  and 
fiber  length.  With  coherent  detection,  it  will  be  possible  to  investigate  the  impact  of 
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optical  power  fluctuations  resulting  flom  SBS  on  the  dynamic  range  and  to  measure  the 
backscatter  as  a  function  of  optical  power  to  quantify  the  impact  of  Brillouin  scattering. 
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Fig.  15-5.  Experimental  set-up  for  measuring  the  impact  of  Brillouin  scattering 

on  spurious-free  dynamic  range. 
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Appendix  A _ _ _ 

System  Noises  and  Their  Properties 


A.1  Basic  Noise  Properties 

In  this  section,  we  discuss  the  basic  properties  of  noises  which  commonly  affect 
analog  optical  links.  These  noises  include  receiver  additive  noise,  laser  relative  intensity 
noise  (RIN),  laser  phase  noise,  and  amplified  spontaneous  emission  (ASE)  noise. 

A.1.1  Additive  Noise 

Shot  noise  and  thermal  noise  are  the  two  fundamental  noise  mechanisms 
responsible  for  current  fluctuations  in  all  optical  receivers  even  when  the  incident  optical 
power  P  is  constant.  Of  course,  additional  noise  is  generated  if  P  is  itself  fluctuating 
because  of  relative  intensity  noise  associated  with  the  system.  The  photodiode  current 
generated  in  response  to  a  constant  optical  signal  can  be  written  as: 

/(O  =  /p  +/,(0  +  J,(0  +  /;(0  (A.l) 

where  I ^  =  RP  is  the  average  current  and  ii(t),  isO),  irO)  current  fluctuations  related  to 
thermal  noise,  shot  noise  and  relative  intensity  noise,  respectively. 


A. 1.1.1  Thermal  noise 

Random  thermal  motion  of  electrons  in  a  resistor  manifests  as  a  fluctuating  current 
even  in  the  absence  of  an  applied  voltage.  The  load  resistor  in  the  front  end  of  an  optical 
receiver  adds  such  fluctuations  to  the  current  generated  by  the  photodiode. 
Mathematically,  U(t)  is  modeled  as  a  stationary  Gaussian  random  process  with  a  spectral 
density  that  is  frequency  independent  and  is  given  by: 
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for  0  <  /  < 


(A.2) 


AkT 


where  k  is  the  Boltzman  constant,  Tis  the  absolute  temperature,  and  r  is  the  load  resistor. 


A.  1.1. 2  Shot  noise 

Shot  noise  is  a  manifestation  of  the  fact  that  electric  current  consists  of  a  stream  of 
electrons  that  are  generated  at  random  times.  Mathematically,  the  photocurrent 
fluctuation  is  a  stationary  random  process  with  Possion  statistics  which  in  practice  can  be 
approximated  by  the  Gaussian  statistics  with  a  spectral  density  given  by: 

=  forO</<~  (A.3) 


where  g  is  the  charge  of  an  electron. 

A.1.2  Relative  Intensity  Noise 

In  practice,  light  emitted  by  any  transmitter  exhibits  power  fluctuations.  Such 
fluctuations  are  called  relative  intensity  noise.  An  exact  analysis  of  ir(t)  is  complicated,  as 
it  involves  the  calculation  of  photocurrent  statistics  which  in  turn  depends  on  the 
intensity-noise  statistics  at  the  receiver.  A  simple  approach  is  to  assume  the  spectral 
density  to  be: 


RIN 

Srif)  =  10  ,  for  0  <  /  <  oc  (A.4) 

where  the  parameter  RIN,  in  dB/Hz,  is  a  measure  of  the  noise  level  of  the  incident  optical 
signal. 

The  above  assumption  is  valid  for  modulation  frequencies  much  lower  than  the 
laser  relaxation  resonance  frequency.  In  Section  A.2,  we  will  describe  the  characteristics 
of  laser  RIN  for  modulation  frequencies  much  larger  than  the  relaxation  resonance 
frequency. 


220 


A.U  Phase  Noise 


The  spectral  shape  for  semiconductor  lasers  can  be  approximated  by  the 
Lorenzian  lineshape,  i.e.,  the  phase  noise  is  dominated  by  white  frequency  noise.  The 
single-sided  PSD  of f(t)  is  given  by  the  following  expression: 

=  forO</<oo  (A.5) 


where  Dn  is  the  FWHM  linewidth. 

A.1.4  Amplified  Spontaneous  Emission  Noise 

Spontaneous  emission  is  a  manifestation  of  the  fact  that  photons  are  generated 
randomly  in  atoms  by  the  movement  of  electrons  from  higher  to  lower  energy  states.  As 
a  result,  even  in  the  case  of  complete  population  inversion  in  the  optical  amplifier  gain 
medium,  noise  is  added  to  the  amplified  output  signal.  This  noise,  known  as  amplified 
spontaneous  emission  (ASE)  noise,  is  uniformly  present  in  any  polarization  and  is  white 
over  the  amplifier  bandwidth,  which  is  on  the  order  of  tens  of  nanometers. 
Mathematically,  the  fluctuation  in  the  number  of  photons  generated  by  a  large  number  of 
atoms  is,  like  shot  noise,  well  approximated  by  Gaussian  statistics.  The  single-sided  PSD 
of  each  ASE  component  is 


^ASE^f)  =  {G-\)ii,^hv,  forO</<««  (A.6) 

where  hv  represents  the  energy  of  the  spontaneously  emitted  photons  and  is  the 
amplifier  spontaneous  emission  factor.  7/,^  equals  one  for  complete  population  inversion 

and  is  greater  than  one  if  inversion  is  incomplete. 

A.2  Noise  in  Angie  Modulated  Links 

In  this  section,  we  evaluate  the  noise  expressions  used  throughout  Part  3.  Due  to 
the  receiver  complexity  of  angle  modulated  links,  we  present  not  only  the  basic  noise 
properties  of  the  noises  described  in  Section  A.l,  but  also  the  properties  of  derivative 
noise  processes  and  of  baseband  and  bandpass  noises. 
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A.2.1  Baseband  and  Bandpass  Noise 


In  the  following  expressions,  we  encounter  both  bandpass  noise  terms  around  the 
IF  and  noise.  We  will  use  the  subscript  bp  to  indicate  bandpass  noise,  which  is 

related  to  the  unflltered  noise  by 


n^{t)  =  h^{tyn{t)  (A.7) 

where  hbpit)  is  the  impulse  response  of  the  IF  amplifier.  We  will  use  the  subscript  bb  to 
indicate  baseband  noise,  which  is  related  to  the  unflltered  noise  by 

where  hbbit)  is  the  impulse  response  of  the  baseband  circuitry. 

A.2.2  Power  Spectral  Density  of  the  Receiver  Noise  and  its  Derivative 

The  shot  noise  n,A(r)  is  white  with  a  single-sided  power  spectral  density  (PSD) 
after  each  photodiode  given  by 


c.,  (/)='?*  = 


[eR{Ps  +  /to) 
\leRPs 


(CD) 

(DD) 


(A.9) 


For  coherent  detection  (CD),  a  balanced  receiver  is  assumed.  For  direct  detection  (DD)  as 
in  interferometric  links,  a  single  photodetector  is  used. 

The  thermal  noise  «</,(/)  is  also  white  with  a  single-sided  PSD  given  by 

<A.I0) 

In  the  above  expressions,  P^  is  the  received  signal  optical  power,  /*to 
received  local  oscillator  optical  power,  e  is  the  electron  charge,  k  is  Boltzmann's  constant, 
T  is  the  absolute  temperature,  and  Rr  is  the  effective  receiver  resistance.  Assuming 
perfectly  matched  photodetectors,  the  sum  of  the  shot  and  thermal  noise,  /i£»(/),  has  a 
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PSD  given  by  =  2t]^  +  The  root  mean  squared  (RMS)  power  in  noit)  is  thus 
given  by 

=  (A.I2) 

where  B  is  the  bandwidth  of  the  baseband  signal  x{t). 

For  the  FM  case,  we  must  evaluate  the  PSD  of  hpit),  which  is  given  by 

C,.(/)  =  (2>!ff>)«  (A-I3) 

leading  to 

=  (A-14) 

/i  and/2  are  the  lower  and  upper  baseband  signal  frequency,  respectively,  and  thus  obey 
the  relationship 

5  =  /-/  (A.15) 

A.2.3  Power  Spectral  Density  of  the  Phase  Noise  and  its  Derivative 
The  PSD  of  the  frequency  noise  ^„(r)  is  given  by  [1] 

C^(/)  =  4;rAv  (A.  16) 

which  leads  to 

=  AttAvB  (A.  17) 

where  D/i  is  the  combined  linewidth  of  the  transmitter  and  local  oscillator  lasers.  The 
PSD  of  the  phase  noise  (p„{t)  is  given  by 
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c..(/)=' 


<A.I8) 


which  leads  to 


'  '  U  fi 


(A.19) 


A.2A  Power  Spectral  Density  of  the  RIN  and  its  Derivative 

The  PSD  of  the  RIN  is  a  complicated  function  of  a  number  of  laser  parameters  [2]. 
For  the  purpose  of  our  analysis,  we  will  describe  the  RIN  PSD  phenomenologically  as 


(A.20) 


where  7)^  is  an  "average"  low  frequency  RIN  PSD  and^  is  RIN  roll-off  frequency,  which 
is  related  to  the  relaxation  oscillation  frequency  of  the  laser.  Through  an  appropriate 
choice  of  77«  and  fn,  we  can  adequately  model  the  impact  of  RIN  on  the  analog  links 
analyzed.  Eq.  (A.20)  leads  to 


(A.21) 


where 


(///.) 

+  (///.)■ 


(A.22) 


For  the  bandpass  RIN,  we  find 


{f^Kbp)-Sl{flF'^f2)~Sl{flF'^f\)'^S\{flF~fl)  8\{flF~f2)  (-^..23) 

In  the  FM  SNR  expression,  we  can  evaluate  (/i^)  as 

)  ~  ^2  {fiF  f 2)  ~S2  {fiF  fl)’^  82{f IF  ~  fl)~  82{f IF  ~  f 2)  ( A.24) 
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where 


Si(f)- 


|lan-'{/ //,)- 


if  If,)  ' 
i+(///.n 


A,2.5  Photodetector  Matching  Factor 


(A.25) 


The  photodetector  matching  factor  b  of  the  coherent  PM  link  is  defined  as 


(So) 


(A.26) 


where  h^it)  and  /ijir)  are  the  impulse  responses  of  the  two  photodetectors  in  the  balanced 
receiver.  For  the  coherent  FM  link, 


(l/i,(0->i2(0]*«s(0f) 

(«r(0) 


(A.27) 


b  ranges  from  0  for  two  perfectly  matched  photodetectors  to  1  for  a  single  photodetector. 

A.3  Noise  in  Optically  Amplified  Angle  Modulated  Links 

The  single-sided  noise  power  of  the  ASE  component  in  each  polarization  is  [3] 

('4„«)  =  ('‘L„)  =  (C <A-28) 

where  hf  represents  the  average  energy  of  the  spontaneously  emitted  photons,  n^p  is  the 
amplifier  spontaneous  emission  factor,  and  B  is  the  signal  bandwidth.  The  power  spectral 
density  of  the  spontaneous-spontaneous  (sp-sp)  noise  is  given  in  [4]  as 

R-„«.)  =  ((G -!)/./%  (A.29) 
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where  Bopt  is  the  bandwidth  of  the  optical  filter.  No  optical  filter  is  needed  in  the  DD 
link  or  in  the  interferometric  links  for  high  powers  since  the  sp-sp  noise  is  dominated  by 
the  signal-spontaneous  (and  reference-spontaneous  in  the  interferometric  links)  noises. 

The  noise  power  in  a  bandwidth  B  =  fmarfmm  of  a  general  n(/)  is  the  integral  from 
fmin  to /max  of  the  power  spectral  density  {litffr},  where  Tj  is  the  power  spectral 
density  of  hit) .  Therefore, 


K)-^v{fL-fL)  (A-30) 

As  a  result,  the  noise  powers  in  the  FM  SNR  expression  are  simply 

=  =  -fL)  (A-31) 

=  -fL)  (A.32) 
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Appendix  B _ _ _ _ _ _ _ _ 

Derivation  of  Amplitude  Modulated  Link  Equations 


B.l  2-port  90*  Optical  Hybrid  Homodyne  WIRNA  System 

Let  the  signal  to  be  transmitted  be  x(t).  The  electric  field  of  the  optical  signal 
obtained  by  the  external  amplitude  modulator  can  be  written,  using  phasor  notation,  as: 

(B.l) 

where  Ps  represents  the  total  optical  power.  In  homodyne  systems,  the  optical  center 
frequency  of  the  local  oscillator  is  same  as  that  of  the  signal  light.  The  electric  field  of  the 
local  oscillator  can  be  written  as: 

where /(()  is  the  phase  difference  between  the  optical  signal  and  local  oscillator,  and  it 
represents  the  total  phase  noise.  Using  the  optical  90'  hybrid,  the  two  optical  signals  are 
combined.  As  outputs  of  the  optical  hybrid,  two  signals  are  obtained  with  different  phase 

relations: 

£,  =VI(£,  +  £u>) 

( 

E,=yfL  Es  +  E^^e^  (B.4) 

V 

The  output  currents  from  the  photodetectors  are  proportional  to  the  optical 
power,  \Ef.  They  can  be  written  as: 

1,  =  |£,f  R  =  ,  +  Pu,  +  Ps  sin  a:  +  ^jlP^ {cos{x  +  0)  -  sin  (j)}]  +  n,  (B.5) 
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4  =  lEjp/?  =  ^[^5  +  +  sinA-  +  ■^2PsPu>  {sin(j:  +  ?))+ cos?)}]  +  ih  (B.6) 


where  AsRL  and  n  j  and  are  the  additive  noises  with  power  spectral  densities  of 
^  s:  77^  +  2qRL(P,  +  Pu))-  -A-fter  the  DC  block,  wideband  filter,  and  square- 

law  detector,  two  processed  signals  are  obtained  as  below; 

2PsPu){cos^{x  +  0)+ sin^  ^  -  2cos(j:  +  ^)sin  ip] 

+{Ps  sinxf  +  2Ps  sinx-yl2PsPu){cos{x  +  (p)- sin  $} 
smx  +  -sl2PsPu}{co&{x  +  (p)-sin  0}] 

(B.7) 


w.=[(i;-DC)*/i,f 


l2P.Pu,Uin^{x  +  (p)  +  cos^  (p  +  2sin(j:  +  (p)cos(p] 

^  ■'  [+{P,sinx)+2PsSinx^l2P^{sm{x  +  <p)  +  cos0}^ 

+(/Zj  *  /Zj  -H  2{/i,  *  h,  sin j;  +  -jlP^ {sin(j:  +  ip)  + cos  0}] 


From  the  multiplication  of  cos(jc  +  0)  and  sin  0  terms,  the  original  signal  can  be 
recovered.  Many  other  noise  terms,  however,  are  produced  by  the  same  operation.  By 
adding  two  branches,  the  strongest  noise  terms  with  the  same  dependency  on  Pj  as  the 
signal  arc  either  canceled  or  converted  into  DC  current.  The  remaining  terms  can  be 
separated  into  5  terms; 

j  =  (iv,  -t-  >vj  -  DC)  *h^=  Signal  -t-  2ndHD  +  Direct: phase  +  White: phase  +  White:  white 

(B.9) 


where 


Signal  =  4PsPu)A‘  sin.r 

(B.IO) 

2ndHD  =  A^P^^  cos2j: 

(B.ll) 

Direct: phase  =  (4A^Ps^|2PsPu>  sin xcos^) *  h, 

(B.12) 
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Signal:  white  =  2{n^*h^  sin  x  +  ^JlP^ {cos{x  +  ^)  -  sin  <»}]  *  /j. 

+2{n^*\)A[Ps  sin  X  +  ■\j2FsPi^  |sin(j:  +  ^ )  +  cos  0}]  *  /J; 


(B.13) 


White.white  =  {n^  *  h^f  *  +  {n^*  (B.14) 

The  whiterphase  cross  term  can  be  simplified  considering  that  signal  P^sina:  is 
relatively  small  compared  to  the  phase  noise  term-y/2PjP^  {cos(x  +  0)  -  sin  ^}. 

Whiteiphase  =  4(/z,  *  ^  sin  (p  * independent  term)  (B.15) 

Assume  x  =  msintu^r  and  sin  a:  =  msinto^r.  Evaluating  the  power  of  each  term, 
we  obtain  the  expressions  below. 

(B.16) 

To  evaluate  first  evaluate  the  auto-correlation  function. 

P.(t)  =  %A^PlP^^m^cos{a)j)e-’^'^^  (B.18) 


where 
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1  .  AAvB.  ^ 

^  b*"  :iir^  ■ 

jT  Av^-4Bj^ 


(B20) 


Similarly,  for  P^,^, 


/2j(r)  =  SA^PsPuoVPi  sinc(2B,T)e 


(B21) 


=  2|Fr[j!,(T)],^ 

=  jsin(2nfl,T)sin(2;tB,Ty  4r 


.  4AvB,  „  _i  4AvB, 

2;rfi,tan''  — - r - r  +2;cB2^tan  — +Jr 

g  '  [A\r+4B,--4fi2=J  [  [Av-+4fi; -4B;J 

^  ffAv,  f  A V*  +  4(B,  -  Bj ) 

+ - Ini  — - ;; - o 

2  Av^+4(B,+B2) 


(B.22) 


where 


^  Av  ,  B,  +  B, 

r,  s - In— ^ ^ 

27rBn  B^-B^ 


(B.23) 


(B24) 


Finally,  we  obtain  the  signal  to  noise  ratio  as 


SNR  = 


P  P  +  P  +  B 

4  2t^HD  '  ^  direci^^hase  *  white— phase  whtte— white 

o  >(4  d2  d2  „2 


_ M^PtPiom^ _ 

i AVV  +  8AV,^B^p2^(1  -  r, )+ 16A^B/^B2Tj(1  -  )+ 2r7^B2(4B.  -  B2) 

(B.25) 


The  fundamental  limit  of  the  dynamic  range  becomes 
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FLDR  = 


_ _ _ _ 

(B.26) 


B.2  K-port  Optical  Hybrid  Homodyne  WIRNA  System 

The  optical  signal  and  the  local  oscillator  light  are  combined  through  K-port 
optical  hybrid.  The  output  electric  field  from  the  k-th  port  of  the  optical  hybrid  can  be 


wntten  as: 


Ef.  —  ‘'Je  £5  +  E.ix)S  ^ 


(B.27) 


The  output  current  of  the  k-th  photodetector  is 


=|£*f/?  =  /2L  Ps  +  Pw^  ^5  sin  j:  +  "  <P  - 


(B.28) 


After  squaring,  each  signal  becomes 


2PsPj 


+  (£jSinjc)^ 


^  ^  (  2n  \  (  2t:  \ 

^^=[{i,-DC)*h,]"  =  A^  [+2cos(^x-0-Y^-jsin[^<«’  +  Y^J 

+2Ps  sin  x^j2PsPu,^cos{^x  " 

+{n,  *h,f+  2{n,  *fh)A  P, sinA:  +  ^2£,£^|cos|^j: -<t>- ^ 


(B.29) 


Taking  the  sum  of  all  signals  leads  to  an  expression  similar  to  Eq.  (B.9): 
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^  =  ^(h'^-£)C)*^  =  Signal  +  IndHD  +  Direct,  phase  +  White:  phase  +  White:  white 

kml 

(B.30) 

where 

Signal  =  2NP,Pu,A^  sin  j:  (B.3  1) 

IndHD  =  ^A^P}  cos2x  (B.32) 

2 

Because  of  the  symmetry  introduced  by  the  K-port  optical  hybrid,  Direcuphase 
cross  terms  are  canceled. 

Direct:  phase  =  '  2Pj  sin  jcos|^jr-^-^A:j+sin|^^  +  -^/:j|  =  0 

(B.33) 

Signal:white  =  ^2{n,*h,)A  P, sin x  +  ^2P,P~^ |cos(^a: - ^ ^ A: j  +  sin{^ ^ ^ 

(B.34) 

White:  white  =  ^(/J*  *  ^ )*  *  ^  (B.35) 

Similarly,  the  White:phase  term  is  simplified  to 

White:  phase  h  4(/i,  *  /z,  )A^jP^  sin  (p  *  /Jj  (B  .36) 


(B.37) 

(B.38) 


('IB. -fi;) 


(B.39) 
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2jcB,  tan" 


.2, 


—  4AvB; - +2nflJtan"‘ 


Av‘  +4B,^  -4^2 


=  -j-A^PsPu,V  r  ■>  /  ^2 

'^~2~  [Av-  +4{B,+B,f 
=  8A/4'P,/>^77B2{l-r2) 


The  FLDR  becomes 


4AvB, 

Av^  +4B;  -4R^ 


(B40) 


FLDR  = 


P  4-  P  4-  P 

•'  2<i^C  ‘  wtiilr- phase  ‘  while-whiu 

O  x;2  /|4  d2  d2 


_ IN^A^PtPjo _ 

—  A^P^  +  WA^Pft^B^  ^(1  -  ^2 )  +  Nt7'B2  (45,  "  ) 
8 


(B.41) 


B.3  2K-port  Optical  Hybrid  Homodyne  WIRNA  System 

We  treat  k-th  output  and  (k+K)th  output  as  a  pair  and  make  balanced  receiver  to 
cancel  direct  detection  term  before  the  squaring  operation.  The  electric  fields  are 


£,  =Vl  + 


(B.42) 
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(BAS) 


The  photodetector  output  currents  are 


i,=\E,fR  =  RL  P,  +  +  Pj  sin  AT  +  ^2  |cos|^ar  -  0  - j  +  sin|^  0  + 1*  /:  j|  +n, 


(B.44) 
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(B.45) 

The  actual  output  from  the  balanced  receiver  is 

h  - ik^K  =  2A^2PsPu>  jcos^^ -  4>  ^)} ^ 

where  n’j  s  n*  -n^^j^with  power  spectral  density  of  T}^  =  Tj^  -^AqRUP,  -^Puo)-  This 
expression  shows  that  inessential  terms  are  canceled  and  there  is  no  2nd  harmonic  noise 
nor  direcuphase  noise  term.  The  output  of  the  square-law  detector  becomes 

=[a  *a]‘ 

=  jcos^l^j:  -(p-  l-i!:  j  +  sin'l^^ +|-A:  j+ 2cos|^x  -p- 1-/:  jsin|^0  + 1*/:  j| 

+(«■,  •*, )'  +  4{n' .  *A,  )AV2/>,/>„|cos(^x  -  «  -  f  *]+  +  |■t]| 

(B.47) 

By  adding  all  signals,  we  obtain 

y  -  -DC)*k,  =  Signal  +  White. phase White: white  (B.48) 


where 


Signal  =  SKA^P^P^yA'  sin  j: 


(B.49) 


Signal: white  =  '^A[n\*h^ jcos^x  ^ A"  ^ ]}  *  ^ 

=  '^^{n\*lh)  A^fP^  sin  0*hy 


(B.50) 


White:  white  =  *  *^ )’  *  ^ 


(B.51) 


Evaluating  the  power  of  each  term,  we  get 


(B.52) 

^  -  B, )  (B.53) 

f...,, H  -r,)  (B.54) 

There  is  no  noise  term  dependent  on  the  modulation  index.  As  the  result  we  achieve  an 
FLDR  of 

FLDR  = - - 

P  -4-  P 

‘  ¥fkite-^ phaie  whtte“¥fhue 

_ H2K)'A‘PlPu _ 

_ - -  tIP 

1  6{2K)a^p/u>B2  nj(i  -  ) + — nlB,  (45.  -  b,  ) 


Table  B-1.  Definition  of  the  Variables 


Es ,  Blo 

Phaser  of  the  optical  signal  and  local  oscillator 

B1.B2 

Output  phasor  of  the  optical  hybrid  port  1  and  port  2 

^S,  ^LO 

Optical  signal  and  local  oscillator  frequency 

JsJlX) 

Phase  noise  of  the  optical  signal  and  local  oscillator 

f(t) 

Combined  linewidth  of  the  signal  and  the  local  oscillator  lasers 

m 

Modulation  index  to  the  external  modulator 

x(t) 

Normalized  RF  input  signal  to  the  modulator 

Ps 

Received  optical  power 

Plo 

Local  oscillator  optical  power 

L 

Total  loss  of  the  optical  hybrid  from  an  input  port  to  an  output 

port 

A 

=RL;  coefficient  of  the  signal  amplitude 

B] 

Bandwidth  of  the  lowpass  filler  (first  stage:  wide  bandwidth) 

B2 

Bandwidth  of  the  lowpass  filter  (last  stage:  narrow  bandwidth) 
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Appendix  C 


Derivation  of  Angle  Modulated  Link  Equations 


In  this  appendix,  the  link  equations  relating  to  the  angle-modulated  links  discussed 
in  Chapters  8  and  9  are  derived.  These  include,  among  others,  derivations  of  SNR  and 
SFDR.  Section  C.l  contains  derivations  for  Chapter  8,  which  covers  both  directly  and 
externally  modulated  coherent  PM  and  FM  links.  Section  C.2  contains  derivations  for 
Section  9.5,  which  covers  the  heterodyne  interferometric  links  (HIPM  and  HIFM). 
Section  C.3  contains  derivations  for  Section  9.6,  which  covers  the  homodyne 
interferometric  phase  modulated  (HPM)  link.  Section  C.4  contains  references. 

C.l  Coherent  PM  and  FM  Links 


In  this  section,  the  derivations  for  the  coherent  PM  and  FM  links  are  provided. 
Section  C.1.1  contains  the  parallel  derivations  of  SFDR.  Section  C.l. 2  contains  the 
parallel  derivations  of  RF  power  transfer  ratio  and  noise  figure.  Section  C.l. 3  contains 
denvations  relating  to  the  maximum  available  modulation  depth  for  externally  modulated 
FM  links. 

C.1.1  SFDR  of  Coherent  PM  and  FM  Links 


The  incident  optical  signal  field  at  each  photodetector  for  the  PM  and  FM  links  is 
given  by 

(0  =  -^[1  +  ««5(0]  exp/[tu,r  -h  (p^x{t)  +  epM]  (C.l) 

+  cxp/jtUjr  +  j  x{t)dt  +  (pM]  (C-2) 

where  Ps  is  the  total  received  signal  optical  power  at  each  receiver,  riRs  (/)  is  the  relative 
intensity  noise  (RIN)  of  the  signal  laser,  Q)s  and  (pM  are  the  optical  frequency  and 
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phase  noise  of  the  signal  laser,  respectively,  x(t)  is  the  normalized  applied  signal,  (Pa  is  the 
phase  deviation,  and  O)^  is  the  frequency  deviation.  We  assume  that  the  laser  is  perfectly 
linear  and  that  its  FM  response  is  unifonn  in  the  case  of  direct  FM,  and  that  the 
integrator  is  perfectly  linear  in  the  externally  modulated  cases. 

The  local  oscillator  field  at  each  photodetector  for  the  coherent  links  is  given  by 

where  Pw  is  the  total  received  local  oscillator  power  at  the  photodetector,  tiRio^i)  is  the 
relative  intensity  noise  (RIN)  of  the  LO  laser,  and  (Oio  and  (PnLoiO  ^re  the  optical 
frequency  and  phase  noise  of  the  LO  laser,  respectively. 

Neglecting  DC  terms,  the  detected  currents  (indicated  by  the  subscript  T)  in  the 

PM  and  FM  links  are  given  by 

W 1  (0  ~  (0  A2  (0]  *  ^RLoi^)] 

xcos[o),pt+(p^xit)+(p^{t)-(p^{t)]  +  n,^{t)]  +  n„{t) 

w .  (0  =  Ih,  (0 + (0]  *  +  + 

xcos  [(U,f  r  +  fU  J  x{t)dt  +(pjt)-(p^  (r)]  +  n„  (r)|  +  n„  (r ) 

(C  5) 

where  R  is  the  responsivity  of  the  photodetectors,  h\{t)  and  /»2(0  ^re  the  impulse 
responses  of  the  two  photodetectors,  and  HsiXO  ^re  due  to  shot  and  thermal 

noise,  respectively.  The  shot  noise  is  defined  per  photodetector  in  each  system  (see 
Appendix  A.2.2).  Since  the  thermal  noise  is  added  after  detection,  it  is  not  affected  by 
the  impulse  responses  of  the  detectors.  Ideally,  the  impulse  responses  of  the 
photodetectors  in  a  balanced  receiver  are  perfectly  matched;  in  practice,  they  are 
somewhat  different.  We  will  assume  that  the  transfer  functions  of  the  photodetectors  are 
approximately  flat  over  the  received  signal  bandwidth,  and  that  they  differ  by  a  small 
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factor.  Under  this  assumption,  we  can  write  [/i,(r)+/:2(0]*^(0- 2/4(0  and 

A/»(0®^(0“^(0- 

Now  we  derive  expressions  for  the  output  currents  of  the  links.  We  neglect  high- 
order  noise  terms  and  products  between  the  noise  and  the  modulated  signal  (which  does 
not  include  the  IF  carrier  component)  since  analog  links  have  high  SNRs  and  small 
modulation  depths.  The  PM  signal  is  recovered  by  a  chain  consisting  of  a  limiter,  phase 
discriminator,  and  envelope  detector. 

After  the  limiter,  the  RIN  terms  multiplying  the  cosine  term  are  eliminated  and 
the  quadrature  components  of  the  amplitude  noise  terms  become  part  of  the  cosine 
argument, 

cos[£U,pr  +  <P.M]  (^-6) 

where  the  total  noise  in  the  phase  of  the  signal  is  given  by 

The  delay-line  filter  has  a  transfer  function  given  by 

//(/)  =  cosf-^-^1  (C.8) 

JiF  J 


where  we  have  chosen  the  filter  delay  t  -  1/2/if  •  For  a  signal  centered  at /if,  we  can 
expand  the  transfer  function  as 


r 

^JlF  ^l^JlF 


(C.9) 


Using  the  Fourier  derivative  theorem  to  relate  the  input  current  to  the  discriminator  to  the 
output  current,  we  obtain  [1]: 
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In  Eq.  (C.IO),  we  have  neglected  higher  order  noise  and  signal  cross  noise  terms 
(which  are  small  compared  to  the  first-order  signal  and  noise  terms).  After  the  envelope 
detector  and  the  integrator,  we  have 


<pljx\t)dt^ 

(C.ll) 


It  can  be  shown  that,  for  a  sub-octave  signal  band,  the  only  significant 
intermodulation  terms  falling  within  the  signal  band  are  those  coming  from  the  term 
proportional  to  and  we  thus  arrive  at  Eq.  (C.l  1). 

The  only  difference  between  the  FM  and  PM  receivers  is  the  absence  of  an 
integrator  after  the  envelope  detector  in  the  FM  case.  This  results  in 


(C.l  2) 


It  can  be  shown  that,  for  a  sub-octave  signal  band,  the  only  significant 
intermodulation  terms  falling  within  the  signal  band  are  those  coming  from  the  term 
proportional  to  and  we  thus  arrive  at  Eq.  (C.l 2). 

The  corresponding  signal-to-noise  ratios  (SNRs)  for  the  PM  and  FM  links  are 

given  by 
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(C.I4) 


where  B  is  the  bandwidth  of  the  baseband  signal  x(t)  and  b  is  the  photodetector  matching 
factor,  which  is  defined  in  Appendix  C.  The  normalized  SNRs  SNRpmo^  and  SNRpMo  are 
the  SNRs  for  each  of  the  links  for  a  unity  modulation  index;  note  that  the  modulation 
indices  may  exceed  unity.  The  various  noise  expressions  in  Eqs.  (C.13)  and  (C.14)  are 
evaluated  in  Appendix  A.2. 

Eqs.  (C.13)  and  (C.14)  indicate  that  the  SNR  increases  monotonically  with  the 
modulation  index.  The  maximum  useful  modulation  index  is  limited  by  intermodulation 
distortion  associated  with  nonlinear  effects.  In  the  next  section,  we  derive  expressions  for 
the  maximum  useful  modulation  index  and  the  associated  spurious-free  dynamic  range. 

As  presented  in  Section  8.2.3,  the  SFDR  of  the  links  can  be  expressed  by 


SFDR  = 


(C.15) 


where  SNR„  is  defined  in  Eqs.  (C.13)  and  (C.14)  and  ,  the  third-order  nonlinearity 

1  f  Trf  V  \  (  B  ^ 

coefficient,  is  -  for  the  coherent  PM  link  and  -  for  the  coherent  FM 

links. 


C.1.2  RF  Power  Transfer  Ratio  and  Noise  Figure 

C.  1.2.1.  Definition  ofRF  Power  Transfer  Ratio  and  Noise  Figure" 

The  RF  power  transfer  ratio,  or  RF  power  gain  G  ,  of  the  link  is  defined  as  the 
ratio  of  the  RF  power  at  the  link  output  to  the  power  delivered  to  the  link  RF  input  by 
the  source: 

*  Much  of  this  section  appeared  in  section  1.2.1.  of  the  progress  repon  for  the  period  12/1/92  -  3/1/93. 
There  are.  however,  small  but  important  changes  in  the  text. 
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5, 


(C.16) 


It  is  easily  obtained  by  measuring  the  input  and  output  signal  power  levels  and  finding 
their  ratio  according  to  the  above  equation. 

In  general,  RF  amplifiers  can  be  added  before  and  after  the  optical  link  as  shown  in 

Fig.  C-1. 


Pre-amplifier  Post-amplifier 


Fig.  C-1.  Optical  link  with  a  pre-amplifier  and  a  post-amplifier. 

The  overall  gain  G  of  this  amplifier-  optical  link  -  amplifier  system  is  given  by: 

G  =  (C.17) 

where  is  the  optical  link  gain,  and  G,„  and  G„^  are  the  gains  due  to  preamplification 
and  postamplification,  respectively.  G^^,  is  determined  by  the  electrical  to  optical  and 

optical  to  electrical  conversion  efficiencies  of  optical  components  and  the  conversion 

losses  of  microwave  components  in  the  link. 

for  the  externally  modulated  direct  detection  link  is  given  by: 

(c.is) 

where  is  the  source  impedance,  r  is  the  photodetector  responsivity,  is  the  received 
optical  power,  is  the  local  oscillator  power,  and  is  the  voltage  required  to  generate 
a  modulator  phase  shift  of  n.  The  value  of  G^^,  pp  is  dependent  on  the  choice  of 

modulator  operating  point;  in  this  case  the  operating  point  is  chosen  at  the  half-power 
point  of  the  sinusoidal  modulator  characteristic. 

Noise  figure  measures  the  degradation  in  the  signal-to-noise  ratio  (SNR)  between 
the  input  and  output  of  a  link  and  is  defined  as: 
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(C.19) 


A 

A-  gn, 

where  S,  and  /V,  are  the  input  signal  and  noise  powers,  and  and  N„  are  the  output 

signal  and  noise  powers.  By  definition,  the  input  noise  power  is  the  noise  power  from  a 
matched  resistor,  Ni=kTB,  where  k  is  Boltzmann's  constant,  T  is  the  resistor 

temperature,  and  B  is  the  signal  bandwidth  [2].  The  output  noise  power  can  be 

expressed  by: 

Nc  =  GNf  +  r)B  (C-20) 

where  hB  is  the  additive  noise  introduced  in  the  device  or  link.  Substituting  =  kTB , 
we  can  express  the  noise  figure  as: 

F  =  1+-2_  (C.21) 

GkT 


For  the  direct  detection  optical  link,  the  noise  figure  is 


F  =1+ 

C,,kT 


(C.22) 


where 

1  4  I  'T' 

=  +  (C.23) 

The  total  noise  figure  for  the  system  shown  in  Fig.  C-1  can  be  determined  using  the 
following  expression: 

F  =  F  (C.24) 

“  g.„g^, 

For  the  case  of  optical  links  « 1  so  that 
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Expressing  the  terms  in  dB, 


F  >=  F'^  -G,„  -  =  F'^  -G  +  G^ ,  (dB)  (C  .26) 

This  means  that  the  noise  figure  can  be  minimized  (a)  using  a  high  gain  pre-amplifier  C„ 
and  (b)  increasing  the  optical  power  (corresponds  to  increasing  G^,).  The  sum  of  the 

noise  figure  and  RF  transfer  ratio  for  the  optical  link  is  constant; 

F  4-  G  <=  F\^  =  constant  (C.27) 


Therefore,  it  is  possible  to  construct  a  system  having  both  desirable  features  of  high  gain 
and  low  noise  figure. 


C.  1.2.2.  RF  Power  Transfer  Ratios  of  Angle-Modulated  Links 


A  detailed  derivation  of  the  RF  power  gain  for  an  externally  modulated  coherent 
FM  link  is  given  in  this  section.  The  derivations  for  the  directly  modulated  coherent  FM 
link  and  the  externally  modulated  coherent  PM  link  are  very  similar  and  are  not  explicitly 
given,  but  points  of  interest  are  described.  The  RF  power  gains  which  we  present  in  this 
section  correspond  to  the  gain  G„^,  of  the  optical  link  section  in  Fig.  C-1  and  do  not 

include  the  impact  of  pre/post-amplification.  G„p„  therefore,  represents  a  measure  of  the 
losses  from  imperfect  electrical  to  optical  and  optical  to  electrical  conversion  efficiencies 
of  optical  components  and  the  conversion  losses  of  microwave  components  in  the  link. 

A  block  diagram  of  an  externally  modulated  coherent  FM  link  is  shown  in  Fig.  C- 
2.  The  input  voltage  is  of  the  fonn  V{t)  =  Vx{t),  where  V  is  the  signal  amplitude  and  x{t) 
is  a  dimensionless  time-varying  signal.  The  integrator,  for  simplicity,  is  assumed  to  be  an 
RC  lowpass  filter  with  a  voltage  transfer  characteristic 


y.jco)  1 

VJQ})  l  +  jcoRC 


(C.28) 


This  filter,  which  can  be  built  in  microstrip  or  with  lumped  elements,  serves  as  a  good 
integrator  for  signals  composed  of  frequencies  far  from  baseband,  such  that  O)  RC  » 1 .  It 


is  for  frequencies  in  this  range,  therefore,  that  it  is  reasonable  to  expect  that  receiver 
nonlinearities  will  have  the  dominant  effect  on  link  SFDR.  If  (f)  =  V(/),  then 

(.C29) 


Fig.  C-2.  Externally  modulated  coherent  FM  link. 


Assuming  that  a  tt  phase  shift  is  obtained  from  the  modulator  with  a  drive  voltage 
V,,  the  modulator  output  is 

.y^exp  y  +  (C.30) 

[  V  —  /. 

where  is  the  optical  power  at  the  modulator  output.  Assuming  that  the 
photodetectors  are  well-matched,  the  output  current  is 


*  This  expression  is  fitnn  the  derivation  presented  in  Section  2.1.1  of  the  fxogress  report  for  the  period 
3/193  -  6/1/93. 
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where  P^is  the  received  optical  power,  <p^(t)  is  the  phase  noise  of  the  signal  laser,  fi^  is 
the  receiver  intermediate  frequency,  and  wp  is  the  angular  frequency  deviation.  In  this 
case,  OJ^  =  ■  ^  — .  Pio  is  the  total  received  local  oscillator  power  at  the  photodetector 

VffRC 

and  jnLo(.t)  is  the  phase  noise  of  the  LO  laser.  is  the  receiver  output  noise 

process. 

Assuming  that  the  link  input  and  output  are  impedance-matched  with  resistance 
and  that  the  input  signal  xit)  =  cosmt,  the  output  RF  power  is  easily  found  to  be 


jrV  1 

— —  RsL^ 


(C.32) 


L  is  the  loss  of  RF  signal  power  due  to  the  generation  of  nonlinearities  in  the  limiter  and 

.  . 

the  envelope  detector.  The  input  RF  power  S,  =  — — .  The  RF  power  transfer  ratio  is 

2/V5 


r  -  *^0  —  [  ^  P  ^  R}L 

\^JiF  y  V  y 


(C.33) 


The  RF  power  transfer  ratios  for  the  other  links  were  derived  in  a  similar  manner. 
For  the  externally  modulated  coherent  PM  link,  the  RF  gain  is 


Cop, PM)  ^  I 


(C.34) 


which  is  identical  to  that  of  the  externally  modulated  coherent  FM  link. 
For  the  directly  modulated  coherent  FM  link,  the  RF  gain  is 


^ opt  {dir.  FM ) 


500  ;r7 


4r  Ps^LO^nl 


(C.35) 


where  y  is  the  FM  response  of  the  transmitter  laser  diode  in  GHz/mA  and  —  is  the 

Rs 

V 

frequency  deviation.  Compared  to  the  frequency  deviation  of  the  externally 

2V^RC 

modulated  coherent  FM  link,  it  is  clear  that  the  required  value  of  the  applied  voltage  V  for 
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a  given  frequency  deviation  will  depend  on  the  respective  values  of  the  transmitter  laser 
FM  response  and  the  RC  time  constant  of  the  integrator. 


C  1.2,3.  Noise  Figures  of  Angle  Modulated  Links 

In  angle-modulated  links,  the  noise  at  the  link  output  is  not  always  of  the  form 
77B  in  Eq.  (C.20)  due  to  the  nonlinear  discrimination  process.  However,  the  derivation  of 

noise  figure  is  still  fairly  straightforward  using  the  formula 


noise  power  at  link  output 


G,^,kTB 


(C.36) 


We  give  below  the  output  noise  powers  for  the  coherent  PM  and  FM  links.  The  noise 

figure  is  then  obtained  directly  from  Eq.  (C.36). 

The  noise  power  at  the  output  of  the  externally  modulated  coherent  FM  link  is 

=^5  tV-I  4r^/jFio[4ffAuB]  +  ^--^  4<7r(/’j + 

\^JIF  Jl  ^  \  ^  /  J 

(C.37) 

where  Av  is  the  laser  linewidth,  B  is  the  signal  bandwidth,  q  is  the  electron  charge,  and 

f  and  f  are  the  minimum  and  maximum  frequencies  in  the  signal  band,  respectively. 

The  noise  power  at  the  output  of  the  directly  modulated  coherent  FM  link  is 

Vi^r.FM)=^s  7^  4r^FjF^[4n-AuB]  +  ^— ^f4(7r(/'  +Fi^)  +  —  (/„„ 

(C.38) 


which  is  identical  to  the  output  noise  power  for  the  externally  modulated  coherent  FM 
link. 

The  noise  power  at  the  output  of  the  externally  modulated  coherent  PM  link  is 


\AURC]  '  ^  Rs  J 


(C.39) 
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C.13  Modulation  Depth  Limitations  for  External  PM  and  External  FM 

For  the  low  received  powers  (<  100  pW)  at  which  coherent  links  are  frequently 
operated,  thermal  noise  is  the  dominant  noise  at  the  receiver.  Since  the  thermal  noise 
power  is  independent  of  the  transmitted  optical  power  while  the  IMD  power  is  clearly 
dependent  on  optical  power,  the  optimum  modulation  depth  (corresponding  to  the 
SFDR)  increases  with  decreasing  optical  power.  Under  these  conditions,  it  is  important 
to  know  the  modulation  depth  limitations  of  devices  which  will  be  used  to  generate 

externally  modulated  PM  and  FM  signals. 

From  our  experience  in  our  laboratory,  phase  modulators  can  normally  be 
comfortably  operated  for  voltages  up  to  1 .5  times  V ^ .  This  means  that  the  maximum 

available  modulation  depth  is  about  4.71  (or  1.5  n)  for  an  applied  signal  normalized  to  lie 
between  1  and  -1.  This  modulation  depth  is  not  exceeded  for  any  point  in  the  plots  of 
Chapter  8  or  Chapter  9. 

External  frequency  modulation  requires  an  integrator  followed  by  an  external 
phase  modulator.  For  an  integrator  which  can  be  modeled  by  a  single-pole  lowpass  filter, 
there  will  be  a  significant  power  loss  since  the  rolloff  of  the  lowpass  filter  will  be 
inversely  proportional  to  co  for  ct)/?,„,C,n,»l.  It  is  clear  that  the  FM  modulation  index 

=  ___£Z _  from  the  Section  C.  1.2.2,  and  hence  that  to  attain  the  maximum 

available  modulation  depth  of  4.71,  RF  amplification  must  be  applied  after  integration  to 
compensate  for  the  power  loss.  A  sufficiently  linear  region  in  the  integrator  characteristic 
must  be  chosen  such  that  link  operation  is  satisfactory,  but  this  may  reduce  the  available 
modulation  depth  depending  on  the  available  RF  amplification.  With  careful  construction, 
an  integrator  can  be  built  which  will  have  a  highly  linear  region  which  is  not  also  high  loss. 

C.2  Heterodyne  Interferometric  Links 

In  this  section,  the  derivations  for  the  HIPM  and  HIFM  links  are  provided. 
Section  C.2.1  contains  the  parallel  derivations  of  SFDR  for  the  two  links.  Section  C.2.2 
contains  the  parallel  derivations  of  RF  power  transfer  ratio  and  noise  figure  for  the  two 
links. 


247 


C2.1  SFDRofHIPM  and  HIFM  Links 


To  derive  the  SFDR  of  the  HIPM  and  HIFM  links,  it  is  first  necessary  to  derive 
expressions  for  the  link  SNRs  and  nonlinearity  coefficients.  Both  of  these  are  easily 
obtainable  from  the  link  output  current.  After  that,  the  SFDR  can  be  simply  obtained 
from  Eq.  (C.15). 
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Fiber 


IF 
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I  Output 


Fig.  C-3.  Phase-modulated  implementation  of  HIPM  link  with  novel 

electro-optic  modulator. 

A  diagram  of  an  HIPM  link  is  provided  in  Fig.  C-3  for  reference.  The  optical 
fields  contributed  by  the  three  arms  of  the  modulator  are  given  at  the  detector  by 


eiit)  =  ^e,P[l  +  /i«(0]exp/[ty„r  +  (p[j:(r)]+  (p/r)] 
j (r)  =  ^E^Pl\  +  n^{t)] cxpi  Q}j  + 15, sin 0),^!  (r) 

63  (r)  =  ^£jP[l  +  n^{t)]  cxpi[co^t  +  P^  cos  CO, pt  +  (p^{t)] 


(C.40) 

(C.41) 

(C.42) 


where  x(t)  is  the  normalized  input  signal,  (p[  ]  refers  to  the  type  of  modulation  (either 

phase  or  frequency),  wjf  is  the  angular  intermediate  frequency  (IF),  be  and  bs  are  the 
phase  deviations  of  the  IF  terms,  £,,  e,,  and  £3  are  the  splitting  coefficients  within  the 

modulator,  P  is  the  laser  optical  power  with  link  and  modulator  excess  losses  assumed 
compensated  by  amplification  in  the  link,  n„(t)  is  the  laser  RIN,  and  Jp(0  is  the  laser 
phase  noise.  The  delays  through  the  arms  of  the  modulator  are  assumed  to  be  matched. 
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The  current  generated  at  the  photodiode,  ii(r),  is  given  by 

/,  (r)  =  /?/»[l  +  +  <p[j:(r)]] 

+4(^1^,  JiiP,)-  ^j£^J^{P,))sir{(p[xit)]]cosQ3,^t 
+4^[^([-Jo{P,  Vi  {Pc)+ J2{P,)Ji{Pc  )-.-]cos  Q),^t 
+  [-^0  {Pc  )Ji  iPs )  +  Ji  {Pc  )J 3  {Ps  h  •  •]  sin  co,^t) 

+D.  C.  terms  +  2(0, pt terms  +  3ct),pt terms+...]  +  no(t)+  Aripit) 


(C.43) 


where  R  is  the  photodetector  responsivity,  «z)(/)  is  the  contribution  from  the  receiver 
thermal  noise  and  the  shot  noise,  and  A  the  coefficient  of  the  DC  RIN.  The  phase  noise  is 
eliminated  due  to  the  equal  optical  path  lengths  through  the  three  legs  of  the  modulator. 
The  first  term  is  the  desired  phase-modulated  term  at  the  IF.  The  second  term  can  be 
eliminated  by  choosing  £,=£,=  £3  =  1/3  and  P^=  P^=  p.  The  third  term  can  be 

eliminated  by  choosing  ^3  «=  1.8 .  This  creates  only  a  0.35  dB  penalty  from  the  maximum 
value  of  Ji{P),  which  occurs  at  P~2.2.  If  the  maximum  signal  frequency  is  much 

smaller  than  the  IF,  the  signal  bands  around  wjf ,  2wjf ,  3wjf, ...  are  well  separated  and  we 
can  filter  out  all  terms  not  around  w/f .  The  current  after  the  limiter  is  given  by 


jj(r)  =  ^RPJ,{p)sin[27rf,^t+(plx{t)]  +  (p„{t)] 


(C.44) 


where  K  is  the  amplitude  of  i2{t).  The  limiter  suppresses  all  variations  in  the  envelope  of 
the  signal,  resulting  in  suppression  of  the  RIN  tenn  in  the  signal  amplitude.  To  avoid 
threshold  effects  in  the  limiter,  the  carrier-to-noise  ratio  (CNR)  before  the  limiter  must  be 
at  least  12  dB  [1].  The  noise  contribution  to  the  phase  is  given  by 

Q  r  Rp  f  2  ^ 

(p(t)  = - 1 -  ,,  +  i  +  ±y  (/J)  ,.  (;)  (C.45) 

^  4RPJ,{P)[  ’  3  [  3  “  ;  J 


where  ng^{t)  are  the  quadrature  components  within  the  IF  band  of  np{t)  and 

ng(t),  respectively.  Applying  the  identical  discriminator  analysis  as  in  Appendix  C.l 
gives  output  currents  for  PM  and  FM,  respectively,  of  the  form 
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where  the  noise  expressions  are  evaluated  in  Appendix  A.2.  Then  the  SFDR  of  both  links 
can  be  expressed  by 

r 

SFDR=  ^  (C.50) 

where  is  defined  as  the  tenns  in  square  brackets  in  Eqs.  (C.48)  and  (C.49)  and  jbj|, 

V  if  ^  Y 

the  third-order  nonlinearity  coefficient,  is  —  for  the  HIPM  link  and  — 

IF  J 

for  the  HIFM  link.  These  terms  are  identical  to  those  derived  for  the  coherent  PM  and 
FM  links  in  Appendix  C.1.1,  where  the  details  of  that  derivation  are  contained. 
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CJ12  RF  Power  Transfer  Ratio  and  Noise  Figure 


The  derivation  of  RF  power  transfer  ratio  and  noise  figure  closely  follows  that 
given  for  the  coherent  FM  link  in  Appendix  The  reader  is  advised  to  refer  to  that 

section  for  details. 

nV 

The  HIPM  modulation  index  is  equal  to  —  (where  V  is  the  applied  voltage 

'  JC 

and  Vg  is  the  voltage  corresponding  ioz  n  phase  shift  in  the  modulator)  and  the  HIFM 
modulation  index  ^  is  equal  to  where  and  are  parameters  of  the 

integrating  lowpass  filter.  From  the  output  currents  given  in  Eqs.  (C.46)  and  (C.47),  the 
RF  power  transfer  ratios  of  the  two  links  are  easily  found  to  be 


~  ^ opt  (HIFM) 


^flF 
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Rsk, 


(C.51) 


int  / 


This  RF  gain  is  in  terms  of  the  signal  input  power  only;  it  does  not  include  the  two 
supplemental  sinusoidal  modulator  inputs  required  for  these  two  links. 

The  derivation  of  noise  figure  is  straightforward  using  the  formula  (see  Appendix 
C.  1.2.1  for  details) 


P(UHk)  —  1  + 


noise  power  at  link  output 


(C.52) 


where  the  noise  powers  at  the  link  outputs  for  the  HIPM  and  HIFM  links  are 


V(HIPM)  ~  Rs 


{^^ihoi  bp  )  bp  ) 


[RP 


1+  3^{^)J  {4lNtp) 
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(C.53) 


“niHIFM)  ~  Rs 


(^L,  bp  )  +  bp  )  +  ^  ^  J  ^  ^  ("wN  bp  ) 


JK^flFj 


(C.54) 


The  noise  terms  are  given  in  Appendix  A.2. 
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C3  Homodyne  Interferometric  Links 

In  this  section,  the  derivations  for  the  HIPM  and  HIFM  links  arc  provided. 
Section  C.3.1  contains  the  parallel  derivations  of  SFDR  for  the  two  links.  Section  C.3.2 
contains  the  parallel  derivations  of  RF  power  transfer  ratio  and  noise  figure  for  the  two 

links. 

C3.1  SFDR  ofHPM  and  HFM  Links 

To  derive  the  SFDR  of  the  HPM  and  HFM  links,  it  is  first  necessary  to  derive 
expressions  for  the  link  SNRs  and  nonlinearity  coefficients.  Both  of  these  are  easily 
obtainable  from  the  link  output  current.  After  that,  the  SFDR  can  be  simply  obtained 
ffomEq.  (C.15). 
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A  diagTEin  of  an  HPM  link  is  provided  in  Fig.  C-4  for  reference.  Assuming  a 
standard  push-pull  modulator  structure  and  a  3-dB  coupler  transfer  matrix  of  the  form 


(C.55) 


the  optical  fields  at  points  A  and  B  in  Fig.  C-4  are  given  by 


^■j(l  +  i9«(r))cxp[;(p/f)]  (C.56) 

where  (p^,  is  an  arbitrary  bias  phase  associated  with  the  modulator  and  all  other  symbols 
are  as  in  the  analysis  in  Appendix  C.2.1. 

A  90°  optical  hybrid  has  a  transfer  matrix  relating  the  output  fields,  to  the 
input  fields,  by 
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(C.57) 


where  the  subscripts  A  and  B  refer  to  the  two  input  and  output  ports.  A  90°  optical 
hybrid  can  be  implemented  as  shown  in  Fig.  C-4.  Such  a  dfcvice  has  an  excess  loss  of  3  dB 
and  typically  requires  closed  loop  control  of  a  bias  voltage  in  a  manner  similar  to  biasing  a 
Mach  Zehnder  modulator  in  its  quasi-linear  region  of  operation. 

The  currents  ixO)  and  isO)  after  the  two  photodetectors  are  given  by 


RP  /,  ,  .  X 

l  +  cos((p[x(0]) 

./b(0. 

=  — + 

_l-sin(?)[x(r)])_ 

+ 

(C.58) 


where  is  set  to  zero  for  simplicity.  The  form  of  these  currents  allows  for  the  creation 
of  a  phase-modulated  IF  signal  through  IF  mixing  after  detection,  in  contrast  to  the 
frequency-shifting  during  optical  modulation  required  in  the  heterodyne  interferometric 
links.  After  mixing  and  combining,  the  current  becomes 
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(C^9) 


i,  (/)  =  -^(1  +  fijf  (r))[cos(fi),p/  +  ?)[x(f)])+  cos(fl)/r^)+ sin{a);pr)] 

The  first  large  term  contains  the  desired  phase-modulated  signal.  It  also  contams 
cross-terms  between  the  baseband  laser  RIN  and  IF  tones.  This  means  that  the  impact  of 
the  laser  RIN  on  the  received  IF  signal  will  be  the  same  as  if  that  signal  were  at  baseband. 
Therefore,  the  RIN  suppression  seen  in  the  heterodyne  interferometric  links  due  to  the 
high  IF  will  not  occur  in  the  homodyne  interferometric  links.  As  in  the  heterodyne 
interferometric  links,  the  RIN-cross-signal  term  will  be  essentially  eliminated  due  to  the 
use  of  a  limiter.  The  noise  terms  n^(t)  and  n^(t)  consist  of  shot  and  thermal  noise 

and  have  worst-case  power  spectral  densities 


since  the  maximum  received  optical  power  at  each  photodetector  is  P 1 2. 

Following  the  same  procedure  as  in  Appendices  C.1.1  and  C.2.1,  the  output 
currents  for  the  HPM  and  HFM  links  are  found  to  be 
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HFM  out 
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(C.62) 


which  are  of  identical  forms  to  the  output  currents  in  Appendices  C.1.1  and  C.2.1.  The 
difference  is  the  noise  contribution  to  the  phase,  which  in  this  case  is  given  by 

+  (C-63) 
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The  quadrature  and  in-phase  noise  components  have  the  same  power  spectral 
densities  as  the  original  noise  components  [3]  and  hence  Eq.  (C.60)  can  be  substituted  in 
directly  to  obtain  the  total  noise  power  spectral  density. 

The  SNRs  can  then  be  written  in  the  simple  forms 


=  <pI 


_ {x\t)) 
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_ B^{x\t)) _ 
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(C.65) 


where  the  noise  expressions  are  evaluated  in  Appendix  A.2.  Since  the  received  optical 
signal  generates  photocurrents  at  baseband,  the  noises  in  the  homodyne  interferometric 
links  are  all  baseband  noises.  Then  the  SFDR  of  both  links  can  be  expressed  by 


SFDR  = 


SSNR„ 


(C.66) 


where  SNR^  is  defined  as  the  terms  in  square  brackets  in  Eqs.  (C.64)  and  (C.65)  and  IZJj], 

j  ^  V  1 C  fi  V 

the  third-order  nonlinearity  coefficient,  is  —  for  the  HPM  link  and  —  —— 

61,  2/,  J  61, 4/,  J 

for  the  HFM  link.  These  terms  are  identical  to  those  derived  for  the  coherent  PM  and 
FM  links  in  Appendix  C.1.1  and  to  those  derived  for  the  heterodyne  interferometric  links 
in  Appendix  C.  1.2. 


C.3.2  RF  Power  Transfer  Ratio  and  Noise  Figure 


The  derivation  of  RF  power  transfer  ratio  and  noise  figure  closely  follows  that 
given  for  the  heterodyne  interferometric  links  in  Appendix  C.2.2.  The  reader  is  advised  to 
refer  to  that  section  for  details. 


255 


From  the  output  currents  given  in  Eqs.  (C.62)  and  (C.63),  the  RF  power  transfer 
ratios  of  the  HPM  and  HFM  links  are  easily  found  to  be 


(  1  \  (  tr  y 

r  —r  -  ^  ”  /?2r  „ 

GapXHFM)  16  \V^cJ  ^ 


(C.67) 


where  a  is  the  conversion  loss  (on  the  order  of  6  dB)  of  the  microwave  mixers  required  in 
the  receivers  of  the  HPM  and  HFM  links. 

The  derivation  of  noise  figure  is  straightforward  using  the  formula  (see  Appendix 
C.  1.2.1  for  details) 


noise  power  at  link  output 


(C.68) 


where  the  noise  powers  at  the  link  outputs  for  the  HPM  and  HFM  links  are 


‘n(HPU)~^S  ^  ^  {^R 
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The  noise  terms  are  given  in  Appendix  A.2. 
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MISSION 

OF 

ROME  LABORATORY 


Mission.  The  mission  of  Rome  Laboratory  is  to  advance  the  science  and 
technologies  of  command,  control,  communications  and  intelligence  and  to 
transition  them  into  systems  to  meet  customer  needs.  To  achieve  this, 
Rome  Lab: 


a.  Conducts  vigorous  research,  development  and  test  programs  in  all 
applicable  technologies; 

b.  Transitions  technology  to  current  and  future  systems  to  improve 
operational  capability,  readiness,  and  supportabilHy; 

c.  Provides  a  full  range  of  technical  support  to  Air  Force  Materiel 
Command  product  centers  and  other  Air  Force  organizations; 

d.  Promotes  transfer  of  technology  to  the  private  sector; 

e.  Maintains  leading  edge  technological  expertise  in  the  areas  of 
surveillance,  communications,  command  and  control,  intelligence,  reliability 
science,  electro-magnetic  technology,  photonics,  signal  processing,  and 
computational  science. 

The  thrust  areas  of  technical  competence  include:  Surveillance, 
Communications,  Command  and  Control,  Intelligence,  Signal  Processing, 
Computer  Science  and  Technology,  Electromagnetic  Technology, 
Photonics  and  Reliability  Sciences. 


